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Abstract Effects of gaseous hydrogenation on crystalli-

zation behavior of melt-spun Mg63Pr15Ni22 amorphous

ribbons have been investigated. The crystallization peak

temperature Tp1 shifted to higher temperature with

increasing heating rate for the un-hydrogenated Mg63

Ni22Pr15 metallic glass, however, it is nearly unchanged for

the hydrogenated sample. The present work indicates that

the crystallization is a nucleation-and-growth process for

the un-hydrogenated Mg63Ni22Pr15 metallic glass. How-

ever, the crystallization of hydrogenated sample begins

with nucleation and then diffusion-controlled growth takes

place.
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Introduction

Metallic glasses offer some attractive structural, physical

and chemical properties, which make them suitable for

various technological applications [1–3]. Among the

amorphous alloys, Mg-based metallic glasses are of high

interest because of their high strength to weight ratio and

relatively low price [4–6]. Recently, a new Mg-Ni-Pr

metallic glass was easily prepared in air atmosphere [7].

The unusual high manufacturability and high oxygen

resistance of this Mg-based metallic glass will contrib-

ute a lot to its application in industry. However, to

promote its practical utilization, we need to know more

about this fascinating Mg-based metallic glass. The

interaction of hydrogen with the amorphous microstruc-

ture is a fundamental issue in metallic glasses [8, 9]. It is

known that many metallic glasses contain elements that

can absorb hydrogen. In addition, there are large

amounts of atomic-scale open volumes in metallic glas-

ses. Thus, it is reasonable that hydrogen shows high

solubility and diffusivity in metallic glasses. It was

reported that hydrogen could strongly influence the

properties of metallic glasses even at small concentra-

tions. For example, the hydrogen embrittlement behavior

of various Fe-, Co- and Zr-based amorphous alloys has

been reported [10–12]. And hydrogenation also has a

strong effect on the thermal stability of metallic glasses

[13, 14].

For Mg-based metallic glasses [15, 16], it is more

important to study the interaction between hydrogen and

the amorphous alloys because Mg element has a high

affinity with hydrogen. In our previous work, a dramatic

enhancement of thermal stability induced by hydrogenation

was found in amorphous Mg63Ni22Pr15 metallic ribbons,

which has not ever been found in other metallic glasses

[17]. Crystallization behavior is a fundamental field of

metallic glasses. Thermal analysis has been extensively

used for studying the crystallization behavior of metallic

glasses [18–20]. In the present work, the hydrogenation

effect on crystallization behavior of amorphous

Mg63Ni22Pr15 metallic ribbons was studied by differential

scanning calorimetry (DSC). Non-isothermal and isother-

mal kinetic analyses were performed and the mechanism

was discussed.
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Experimental

Mg63Ni22Pr15 alloy ingot was prepared by vacuum induc-

tion levitation melting on water-cooled copper crucible

under Ar atmosphere. Melt-spun ribbons were produced by

the single-roller melt-spinning technique. The amorphous

Mg63Ni22Pr15 ribbons were ground and then hydrogen was

introduced into the powders by a conventional Sieverts-

type system. After three activation cycles of full charge and

discharge, gaseous hydrogenation was carried out under

hydrogen pressure of 3.4 MPa at 313 K. The hydrogen

content in the amorphous powders was measured to be 0.38

wt%. Thermal stability of the un-hydrogenated and

hydrogenated samples was examined by differential scan-

ning calorimetry (DSC) in Ar atmosphere using a Netzsch

STA449C instrument. Non-isothermal DSC curves were

measured with selected heating scan rates of 5, 10, 20 and

40 K/min. Isothermal DSC curves were obtained with

selected temperatures of 463, 468, 473, 478 K for the un-

hydrogenated samples, and 560, 563, 568 K for the

hydrogenated samples, respectively.

Results and discussion

To investigate the kinetics of glass transition and crys-

tallization behaviors, DSC measurements of the as-

quenched Mg63Ni22Pr15 ribbons were carried out at the

heating rates of 5, 10, 20 and 40 K/min. As shown in

Fig. 1, each DSC trace exhibits a distinct glass transition,

a wide undercooled liquid region, and exothermic peaks

due to crystallization of the glassy phase. The glass

transition temperature Tg, the onset crystallization tem-

perature Tx, and the crystallization peak temperature Tp1

are all shifted to higher temperature with increasing

heating rate, which indicates that both the glass transition

and the crystallization behave in a markedly kinetic

nature [21]. It should be noted that the second crystal-

lization peak is more sensitive to the heating rate and

almost disappears at a high heating rate of 40 K/min,

which indicates that this crystallization process has a low

critical heating rate to avoid nucleation and growth.

Similar behavior was previously observed in Zr41Ti14-

Cu12.5Ni10Be22.5 amorphous alloy [13, 14].

Figure 2 shows the isothermal DSC curves for the un-

hydrogenated Mg63Ni22Pr15 amorphous alloy at annealing

temperatures of 463, 468, 473 and 478 K, where the corre-

sponding incubation time s were worked out to be 13.9, 5.53,

2.4 and 1.05 min, respectively. Each trace shows a single

high symmetrical exothermic peak. The peak shifts to longer

times for the lower annealing temperature. These results

clearly indicate that the crystallization is a nucleation-and-

growth process [22]. It is known that the isothermal DSC

traces can be analyzed by the Johnson–Mehl–Avrami (JMA)

equation [23]:

ln �ln 1� xcð Þ½ � ¼ ln kð Þ þ n ln t � sð Þ ð1Þ

where xc is the crystallized volume fraction, t the annealing

time, s the incubation time, n the Avrami exponent related

to the dimensionality of nucleation and growth, and k a

kinetic constant of the process. Here, the fraction of crys-

tallization is assumed to be proportional to the heat release.

The behavior of xc as a function of t is shown in Fig. 3. It

can be seen that the shape of the curves is typical ‘‘S’’ type.

The Avrami exponent n was determined to be 2.8 for

annealing at 478 and 473 K, and 2.9 for annealing at 468

and 463 K, which means that crystallization starts from
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Fig. 1 DSC curves for the un-hydrogenated Mg63Ni22Pr15 metallic

glass at different heating rates
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Fig. 2 Isothermal DSC curves for the un-hydrogenated Mg63Ni22Pr15

metallic glass at annealing temperatures of 463 K, 468 K, 473 K and

478 K, where the incubation times have been excluded
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crystalline grains of small dimensions with an increasing

nucleation rate [24].

Figure 4 shows the DSC curves of the hydrogenated

Mg63Ni22Pr15 metallic glass at different heating rates. The

hydrogenation effects on the crystallization behavior are

obvious in the hydrogenated sample. As shown in the fig-

ure, the glass transition temperature, the onset crystalliza-

tion temperature, and the crystallization temperature of the

hydrogenated Mg63Ni22Pr15 metallic glass are 550, 570 and

577 K measured at heating rate of 20 K/min, much higher

than the corresponding values of 440, 470 and 499 K for

the un-hydrogenated sample. This means that dramatic

enhancement of thermal stability occurs in Mg63Ni22Pr15

metallic glass due to hydrogenation. Comparing with the

un-hydrogenated sample, it can be seen that the crystalli-

zation peak temperature Tp1 are near unchanged with

increasing the heat rates for the hydrogenated sample. In

addition, the second crystallization peak only can be

detected at the heating rate of 5 K/min. Another interesting

feature is the broad endothermic peak corresponding to the

desorption of hydrogen from the hydrogenated sample. The

desorption of hydrogen shows a strong kinetic nature. As

shown in the figure, as the heating rate is increased, the

desorption peak shifts to higher temperature and the cor-

responding peak flux becomes higher.

Figure 5 shows the isothermal DSC curves for the

hydrogenated Mg63Ni22Pr15 ribbons at annealing tempera-

tures of 560, 563, and 568 K, respectively. A strong effect

of hydrogenation on the isothermal crystallization is

found. As shown in the figure, only very weak exothermic

peaks were detected for the hydrogenated samples. On

the whole, the calorimetric signal continuously decreases

until reaching a saturation at long times of annealing. This

indicates that after very fast nucleation leading to the for-

mation of a high initial density of nuclei, diffusion-con-

trolled growth takes place [25].

The effects of hydrogenation on the crystallization

process were also studied by XRD. As shown in Fig. 6, the

XRD pattern for the as-spun sample shows only a broad

peak indicating the amorphous structure in the as-spun

state. After hydrogenated, the amorphous structure was

retained as reported in our previous work [17]. The as-spun

and hydrogenated amorphous samples were then annealed

at 538 and 638 K respectively, which is higher than the

peak temperature for the primary crystallization. After the
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Fig. 3 Relative volume fractions of the crystallization component as

a function of time at different isothermal annealing temperatures for

the un-hydrogenated Mg63Ni22Pr15 metallic glass, where the incuba-

tion times have been excluded
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Fig. 4 DSC curves for the hydrogenated Mg63Ni22Pr15 metallic glass

at different heating rates
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Fig. 5 Isothermal DSC curves for the hydrogenated Mg63Ni22Pr15

metallic glass at annealing temperatures of 560 K, 563 K, and 568 K
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annealing, Mg12Pr, Mg2Ni and PrMg2Ni9 phases can be

detected for the as-spun samples. A strong effect of

hydrogenation on the crystallization behavior was

observed. As can be seen from Fig. 6, the phases after the

primary crystallization were Mg2Ni, a-Mg, PrMg2Ni9 and

PrNi5.

It is known that the crystallization of metallic glasses

is related to the atomic rearrangement at short-range

order [26]. Large concentration fluctuations of several

alloy components are required before crystallization

begins. Considering the strong interaction of hydrogen

with Mg and Pr atoms in Mg63Ni22Pr15 amorphous alloy

which exhibit strong metal hydride formation tendencies,

the rearrangement of atoms become more difficult during

the crystallization of the glassy alloy.As a result,the

crystallization temperature increased and the thermal

stability enhanced. It was reported that the thermal sta-

bility of a Zr-based metallic glasses was enhanced

slightly by hydrogenation [13, 14]. In the present work,

the dramatic enhancement of thermal stability of

Mg63Ni22Pr15 metallic glasses can be attributed to the

high affinity of Mg, Pr atoms and hydrogen. In the same

way, the rearrangement of atoms during the crystalliza-

tion process can be hindered by the introduction of

hydrogen, which leads to the appearance of different

phases after crystallization.

Conclusions

The crystallization behaviors of Mg63Ni22Pr15 metallic

glasses are strong influenced by hydrogenation. The anal-

ysis of the isothermal crystallization kinetics indicates that

the crystallization is a nucleation-and-growth process for

the un-hydrogenated Mg63Ni22Pr15 metallic glass, how-

ever, the crystallization of hydrogenated sample begins

with nucleation and then diffusion-controlled growth takes

place. The rearrangement of atoms during the crystalliza-

tion process can be hindered by the introduction of

hydrogen, which leads to the changes of the crystallization

behaviors.
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