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Abstract
Mg65Cu25Y10 ribbons were produced by melt spinning. XRD, DSC, HRSEM and HRTEM were used to investigate their 
microstructure in its as-cast condition as well as after 3- and 6-minute exposures to 100 °C, 120 °C, 150 °C, 200 °C and 
300 °C. XRD and DSC studies showed that the as-cast material had an amorphous character; the HRTEM investigation 
revealed that although the as-cast Mg65Cu25Y10 is known to be one of the best glass formers, it is nano-crystalline rather 
than amorphous. The fraction of the crystalline phase after each treatment was calculated by means of quantitative 
analysis that took into account the degree of crystallinity of the as-cast material as revealed by HRTEM. The current 
study showed that quantitative analysis may lead to serious errors when relying on the absence of crystalline peaks in 
the XRD spectrum as if the material is completely amorphous. Moreover, it seems that HRTEM examination is essential 
for carrying out quantitative XRD and DSC analyses.
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1  Introduction

Magnesium alloys are characterized by good physical 
properties: they exhibit high strength, are lightweight, 
and have good damping absorption and good thermal 
and electrical conductivity. Amorphous magnesium 
alloys, moreover, exhibit higher strength, hardness, and 
a large elastic domain in addition to having excellent 
corrosion resistance. Among the various existing magne-
sium alloys, the Mg–Cu–Y system is known to be one of 
the best glass formers. The Mg65Cu25Y10 was reported in 

early publications of Inoue et al. [1–3], who pointed at Cu 
content of 25 at. % and Y content of 10 at. % as optimal 
for high Glass Forming Ability (GFA) so that BMG rods with 
a diameter of 4 mm could be produced by copper mold 
casting. This high GFA is due to the lowest critical cooling 
rate and the largest temperature span of the supercooled 
region 

(

ΔTx
)

 in the Mg–Cu–Y system, both achieved with 
the Mg65Cu25Y10 composition and equal 93 K/s and 60 °C, 
respectively. The temperature span of the supercooled 
region is defined as follows:
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where ΔTx The temperature span of the supercooled 
region [°C], Tx Crystallization temperature [°C], Tg Melt-
glass transition temperature [°C]

Being such a good glass former, the Mg65Cu25Y10 com-
position has therefore been studied extensively [1–21]. 
These investigations were conducted on amorphous 
Mg65Cu25Y10 obtained by different casting processes, 
namely, pressure die-casting [1, 2, 4], injection into a cop-
per mold [6–13], injection into a water-cooled Cu mold 
[14], melt spinning [15–20], rapid quenching without 
listing the exact process [21, 22] and permanent mold 
without stating anything about the mold [23]. The char-
acterization techniques used in order to determine the 
amorphous structure of the Mg65Cu25Y10 alloy included 
X-ray diffraction (XRD) [1, 4, 6–23], differential scanning 
calorimetry (DSC) [1, 2, 4, 6–8, 10–18, 22, 23] and trans-
mission electron microscopy (TEM) [1, 6, 8, 9, 13, 16, 18, 
21]. All the studies that examined the microstructure of 
Mg65Cu25Y10 seem to agree that sufficiently rapid cooling 
rates during the casting process of this composition yield 
a fully amorphous structure. It should be noticed that only 
two references [19, 20] include high-resolution transmis-
sion electron microscopy (HRTEM) of Mg65Cu25Y10; how-
ever, these HRTEM studies deal with the characterization 
of nanoporous structures obtained by selective dissolu-
tion of amorphous Mg65Cu25Y10 and not with the degree 
of amorphization of the alloy.

In a previous study by Regev et al. [24], high-resolu-
tion transmission electron microscopy (HRTEM) as well 
as other characterization tools, namely, XRD, DSC and 
high-resolution scanning electron microscope (HRSEM), 
were applied in order to study the amorphous nature of 
melt-spun Mg65Cu25Y10. This study [24] also included XRD 

(1)ΔTx =
(

Tx − Tg
) investigations of Mg65Cu25Y10 after 5-minute exposure to 

50 °C, 100 °C, 150 °C and 200 °C. The study found that the 
material lost its amorphous character upon exposure to 
temperature; however, this conclusion was based solely on 
XRD peak identification without any quantitative analysis. 
Another important finding was that according to XRD and 
DSC, the Mg65Cu25Y10 in its as-cast state was found to be 
amorphous, while HRTEM study showed that it was nano-
crystalline with an average grain size of about 8 nm. The 
proposed qualitative explanation was that the material 
was indeed nano-crystalline while the amorphous char-
acter of the XRD and DSC spectra was due to the large con-
tribution of the grain boundaries, which are amorphous 
by definition.

The current paper offers a quantitative approach for 
calculating the volume fraction of the crystalline phase 
in the case of melt-spun Mg65Cu25Y10 specimens that had 
been exposed to 100 °C, 120 °C, 150 °C, 180 °C, 200 °C and 
300 °C for 3 and 6 min and hence crystallized to various 
degrees prior to the DSC and XRD studies. In addition, the 
corrections required by the existence of the nano-crystal-
line phase in the as-cast material, as revealed by HRTEM, 
were introduced and their influence on the accuracy of the 
quantitative analysis is discussed.

2 � Materials and methods

The chemical composition studied was, as mentioned 
above, Mg65Cu25Y10. Pure Mg (99.9 wt % purity) and Cu 
(99.97 wt % purity) metals and an Mg-40 wt % Y master 
alloy with degree of purity of 99.9 wt % for both Mg and 
Y were used for the alloy preparation. Alloying was car-
ried out in a graphite crucible under an Ar protective 
atmosphere. The materials blend was melted and then 

Fig. 1   An XRD spectrum of the 
melt-spun Mg65Cu25Y10 in its 
as-cast condition
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homogenized at 800 °C for 1 h under an Ar protective 
atmosphere before casting. The alloy was then re-melted 
and cast by a melt-spinning machine with a brass drum 
rotating at 1000  rpm having linear velocity of about 
42 m/s. The final product was ~ 80-μm-thick ribbons. These 
Mg65Cu25Y10 ribbons then underwent 3 and 6 min expo-
sure to 100 °C, 120 °C, 150 °C, 180 °C, 200 °C and 300 °C 
in Ar atmosphere. Keeping in mind that the amorphous 
structure is expected to crystallize during heating, the rea-
son for selecting different temperatures and time intervals 
was to study the character of the crystallization process, 
namely, how long it takes and to what extent under given 

conditions. A 0.2  mm-thick K-type thermocouple was 
attached to each sample, the sample was then put in an 
oven, between two hot massive steel plates, both the oven 
and the plates had been previously heated to the desired 
temperature. Cooling was conducted also between two 
cold massive steel plates placed outside the oven. The 
temperature was recorded using a National Instruments 
LTD measuring computerized system. The measured heat-
ing/cooling rates were approximately 1000 °C/s.

XRD tests were performed using Stationary Rigaku 
Smart Lab diffractometer equipped with a Cu tube 
(λKα = 1.5406 Å), and the measurement step was 0.01° with 

Fig. 2   XRD spectra of the 
melt -spun Mg65Cu25Y10 after 
3-minute-long exposures to 
various temperatures

Fig. 3   XRD spectra of the melt-spun Mg65Cu25Y10 after 6-minute-long exposures to various temperatures
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Fig. 4   A DSC curve of the as-
cast melt-spun Mg65Cu25Y10

Fig. 5   HRSEM micrographs 
of a As-cast melt-spun 
Mg65Cu25Y10; b after 5 min at 
200 °C

Fig. 6   HRTEM image of the as-cast melt-spun Mg65Cu25Y10: a,b images; c SADP with aperture diameter—200 nm
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exposure time of 1 s per step. The melt-spun specimen was 
ground to powder having an average particle size of about 
the thickness of the ribbon (~ 80 μm) prior to the XRD tests 
in order to eliminate any texture influence. The microstruc-
ture was studied under a Zeiss Ultra Plus high-resolution 
scanning electron microscope (HRSEM), HRTEM investiga-
tion was conducted using an FEI Titan 300 kV HRTEM. TEM 
specimens were prepared by using a Helios NanoLab G3 
FEI FIB (Focused Ion Beam).

The DSC study summarized in the current paper is 
based on scanning experiments. The melt-spun specimens 
were heated using a DSC 204F1 Phoenix calorimeter at a 
constant rate of 10 °C/min until they reached 700 °C.

3 � Results

Figure  1 depicts an XRD spectrum of the melt-spun 
Mg65Cu25Y10 in its as-cast condition, while Figs.  2 and 
3, respectively, depict XRD spectra of the melt-spun 
Mg65Cu25Y10 after 3- and 6-minute-long exposures to vari-
ous temperatures.

As can be seen from Fig. 1, the spectrum has an amor-
phous character, while Figs. 2 and 3 show that the amor-
phous character of the melt-spun material disappeared 
completely after 3- or 6-minute-long exposures to 180 °C 
and that the spectra appear to be crystalline.

A DSC curve of the as-cast melt-spun Mg65Cu25Y10 is 
presented in Fig. 4, the glass transition temperature (Tg) 
and the crystallization temperature (Tx) are shown.

HRSEM micrographs showing the microstructural 
changes during exposure to temperature are given in 
Fig. 5a and b, and these micrographs were taken using 
both secondary and back-scattered detectors. In the case 

of the as-cast melt-spun Mg65Cu25Y10 (Fig. 5a), no grain 
structure is discernible while dendritic morphology and 
crystalline structure can be clearly seen in Fig. 5b which 
was taken after 5 min at 200 °C. The content of all three 
alloying elements (Mg, Cu and Y) was recorded in the 
matrix of the grains in all examined samples by means of 
Electron Probe Micro-Analysis (EPMA).

A HRTEM BF image of the as-cast material is shown in 
Fig. 6a,b, while a diffraction pattern is shown in Fig. 6c. 
The nano-crystalline character can be clearly observed 
in Fig. 6a, while the ring selected area diffraction pattern 
(SADP) shown in Fig. 6b, which is obtained from the region 
shown in Fig. 6a, supports this claim. Other examples of 
single nano-grains have been already published elsewhere 
[24]. Examination of a few tens of nano-grains leads to the 
estimation that the average grain size of the as-cast mate-
rial is about 8 nm, while the width of the grain boundary 
region is about 2 nm (10–15 times the magnesium lattice 
parameter). Thus, the volume fraction of the grain bounda-
ries turns out to be about 70%.

4 � Discussion

Figures 2 and 3 show that two crystalline phases were 
identified by XRD, namely, Mg and Mg2Cu, keeping in mind 
that the alloy contains 10 at. % Y, the appearance of an Y 
containing crystalline phase after exposure to temperature 
is expected. It may be claimed that the unidentified peak 
around 2=29.5° (see Fig. 3) belongs to Mg24Y5. However, 
the existence of Mg24Y5 crystalline phase requires at least 
two other strong peaks at 2=19.3° and at 2=33.7°. As for the 
expected peak at 2=19.3°—there is a peak of Mg2Cu at the 
same angle while in the case of 2=33.7° there is close peak 
of Mg at 2=34.4°, keeping in mind that small shift of certain 
peaks cannot be excluded, it is not clear whether this peak 
belongs to Mg or to Mg24Y5. Moreover, the intensity of the 
peak at 2=19.3° is expected to be more than five times 
higher than that of the 2=33.7° peak while Fig. 3 shows 
the opposite situation. Referring to EDS analysis, it should 
be noted that no Y rich phase was detected by EDS what-
soever while the Y content was found to be similar to that 
of the nominal composition. In summary, the authors feel 
that it cannot be unambiguously concluded that Mg24Y5 
phase does crystallize after exposure to temperature.

The DSC curves of the melt-spun Mg65Cu25Y10 after 3- 
and 6-minute-long exposures to 100 °C, 120 °C, 150 °C, 
180 °C, 200 °C and 300 °C are analyzed in the same manner 
Fig. 4 and were analyzed, namely, Tg and Tx were detected 
and the enthalpy variation during the crystallization was 
calculated by integrating the curve in the vicinity of the 
crystallization peak. The values of Tg, Tx and the enthalpy 
variations during the crystallization and melting processes 

Table 1   DSC results

Temperature and 
duration of exposure

Tg,  °C Tx,  °C ∆Hm, J/g ∆Hc, J/g

As-cast 138 179.4 92.18 92.18
100 °C—3 min 137.7 188.3 102.49 85.90
120 °C—3 min 136.3 189.8 97.26 78.82
150 °C—3 min 136.7 185.5 91.14 69.94
180 °C—3 min 140.2 178.6 88.52 5.56
200 °C—3 min – – 87.57 0
300 °C—3 min – – 92.18 0
100 °C—6 min 138 185.4 83.34 78.73
120 °C—6 min 136 189.8 86.48 73.57
150 °C—6 min 137.8 185.1 88.36 66.24
180 °C—6 min 139 181.2 92.73 5.16
200 °C—6 min – – 88.49 0
300 °C—6 min – – 92.18 0
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are summarized in Table 1. The mentioned enthalpies are 
actually integral intensities (calculated by DSC 204Fi Phoe-
nix built-in software) of the corresponding DSC peaks.

Comparing the crystallization behavior observed in 
the current study with some other DSC studies reported 
over the last few years [4, 25–27] it comes that the cur-
rent study is in line with some of the reported results of 
other researchers. The value of Tx for the as-cast mate-
rial, as can be seen from Table 1, is 179.4 °C and the value 
of ΔTx obtained is 41.4 °C. Kiljan et al. [4] who studied 
1-mm-thick Mg65Cu25Y10 BMG plates produced by pres-
sure die-casting reported about Tg varying between 122 
and 141 °C, Tx varying between 180 and 187 °C, and ΔTx 
varying, therefore, between 43 and 58 °C which is closer 
to ΔTx obtained in the current study than to the value of 
60 °C reported by Inoue et al. [1]. Arison Kung et al. [25] 
produced Mg65Cu25Y10 BMG by both melt spinning and 
spray cooling, they reported about Tg = 155 °C, Tx = 216 °C 
and ΔTx = 61 °C in the case of melt spinning while for the 
BMG produced by spray cooling the values of Tg , Tx and ΔTx 
were 142–151 °C, 213–220 °C and 69–71 °C, respectively. 
Their reported results for ΔTx are closer to those reported 
by Inoue et al. [1] than to the results of the current study. 
Ismail et al. [26] studied crystallization of Mg58Cu31Gd11 
BMG by means of DSC and XRD. Although studying a 
different composition, they noted the appearance and 
growth Mg2Cu phase accompanying the crystallization 
process, the first stage of which started at 178 °C, and 
the second one started at 220 °C, the existence of Mg2Cu 
phase is well supported by the current study. Rozenberg 
et al. [27] studied rapidly solidified Mg-Cu-RE alloys, they 
pointed at the positive role of Y on the GFA of such alloys 
and found that for the Mg65Cu25Y10 alloy, Tx was 184 °C and 
Tg was 152 °C so that ΔTx was found to be 32 °C.

As stated earlier, examination of a few tens of nano-
grains leads to the estimation that the average grain size of 
the as-cast material is about 8 nm, while the width of the 
grain boundary region is about 2 nm, under the assump-
tion that the grains are spherical the volume of an average 
grain without its boundary was found to be 268 nm3 while 
adding the volume of the grain boundary the total volume 
comes to 904 nm3. Thus, the volume fraction of the grain 
boundaries turns out to be about 70%.

One question that may be asked at this point is whether 
the loss of the amorphous character is not caused by spec-
imen preparation process or due to heating by the elec-
tron beam at the TEM specimen chamber. When referring 
to this question one should keep in mind that the speci-
men, being metallic, is characterized by very high thermal 
conductivity. The temperature rise during preparation by 
FEI Helios NanoLab FIB at the highest beam density was 
calculated by Ishitani and Kaga [28] and was found to vary 
between 6.6 °C for aluminum and 17.7 °C for stainless 

steel. For the sake of comparison, the temperature rise 
of SiO2 under the same conditions is more than 800 °C 
according their calculations [28]. As for the temperature 
increase due to the electron beam at the TEM specimen 
chamber, the authors assume that it did not reach Tx due 
to the same reason of high thermal conductivity. Experi-
mental result which supports this claim can be obtained 
from Fig. 5b which was taken after 5 min at 200 °C. Keep-
ing in mind that Tx was found to be between 179.9 and 
197.2 °C, one can see from Fig. 5b that the grain size in 
the case of 5-min-long exposure to 200 °C is at the order 
of magnitude of 1 μm, a hundred times coarser than the 
nano-grains detected by HRTEM. Taking into account that 
a typical HRTEM study took at least three hours and that 
no change in grain size was detected, namely, the grains 
remained at the size of 8 nm, it can be concluded that the 
specimen’s temperature did not reach the glass transition 
temperature.

Calculations of the percentage of the crystalline phases 
were based on two independent techniques, namely, XRD 
and DSC. Quantitative analysis of XRD spectra enables to 
estimate the weight fraction of each phase by comparing 
the intensities obtained from the different phases, given 
that the peak intensity of a certain phase is proportional 
to its weight fraction. Consequently, this analysis requires 
a reference specimen of the pure phase under study. 
Since no crystalline reflections were revealed by XRD in 
the as-cast sample, it was first assumed to be completely 
amorphous and the integral intensity of its dome-shaped 
spectrum was taken as an “amorphous reference” [29–34]. 
In the case of partially crystallized samples, the integral 
intensities of each of the crystalline reflections were meas-
ured and summarized and then divided by the integral 
intensity of that of the dome-shaped amorphous Ref. [35]. 

Table 2   Degree of crystallinity after exposure to temperature 
based on XRD analysis

Temperature and 
duration of exposure

Crystallinity percentage 
without correction

Corrected crystal-
linity percentage

100 °C—3 min 24 47
120 °C—3 min 27 49
150 °C—3 min 32 52
180 °C—3 min 80 86
200 °C—3 min 91 94
300 °C—3 min 100 100
100 °C—6 min 10 37
120 °C—6 min 19 43
150 °C—6 min 34 54
180 °C—6 min 81 87
200 °C—6 min 93 95
300 °C—6 min 100 100
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The weight fraction of the phase under study was calcu-
lated as follows [36]:

where W� weight fraction α phase in the specimen, � lin-
ear absorption coefficient [cm−1], � density [gr/cm3], �, � 
Mg and Mg2Cu phases, respectively, I� intensity of α phase 
peak, I�−pure intensity of α phase peak in a pure α specimen

The ratio �
�
 is known as the mass attenuation coefficient, 

in the considered case its values are close for both the 
amorphous and for the two crystalizing phases (Mg and 
Mg2Cu). Since the chemical composition of the revealed 
crystalline phases were identified, their attenuation coef-
ficients are known, these values are quite close, hence, 
Eq. 2 can be simplified to:

Calculation of the percentage of crystalline phase in 
nano-amorphous mixture by means of qualitative XRD 
analysis is not new, for example, Abrosimova et al. [37] 
reported on Fe73.9B13.2Si10.9C2 bulk metallic glass syn-
thesized and quantitatively examined by XRD. Their cal-
culation method was based on peaks integral intensities 
ratio. As a part of their technique and in order to take into 
account the difference in the absorptions of the examined 
crystalline/amorphous phases, an intensities ratio vs. real 
concentrations calibration curve was constructed.

(2)W� =

(

I�

I�−pure

)(

�

�

)

�

(

�

�

)

�
−

(

(

�

�

)

�
−

(

�

�

)

�

)

.
(

I�

I�−pure

)

(3)W� =

(

I�

I�−pure

)

In the current study, after the weight fraction of the 
crystalline phase had been calculated according to Eq. 3, 
it was then corrected by taking into account the HRTEM 
findings, namely, that the amorphous reference contained 
only 70% amorphous phase. The XRD results are summa-
rized in Table 2.

It should be noted that several small crystalline reflec-
tions are discernible in the spectrum shown in Fig. 1 in 
the vicinity of 29°, 32°, 48° and 58°. Applying the procedure 
described above on these peaks, one can see that the over-
all contribution of these phases is around the detection 
limit of the XRD system and does not affect the quantita-
tive assessment made and discussed in the current paper. 
Moreover, the lack of appearance of these small reflec-
tions in the spectra corresponding to heat treatments at 
120 °C and 150 °C and the fact that these reflections do 
not fit any crystalline reflection obtained at the thermally 
treated specimens support the claim that these peaks can 
be referred as a minor heterogeneity of the as-cast ribbon, 
probably due to metastable phases formed during casting.

DSC pattern analyses were conducted on the basis of 
the following expression which was originally developed 
for polymers [38] and was applied successfully on bulk 
metallic glasses (BMGs) as well [35].

where pc percentage calculation, ΔHm melting enthalpy, 
ΔHC crystallization enthalpy, ΔH0

m
 melting enthalpy of the 

completely amorphous reference sample
The above analysis was first conducted under the 

assumption that the as-cast melt-spun sample was com-
pletely amorphous. Then it was further modified by intro-
ducing the corrections required due to the existence of the 
nano-crystalline phase of the as-cast material, as revealed 
by HRTEM. The quantitative results of this analysis are 
given in Table 3.

A comparison between the crystallinity percentage as 
calculated according to XRD (Table 1) and that calculated 
according to DSC (Table 2) indicates that the difference 
does not exceed a few percentage points, especially in the 
case of the corrected crystallinity percentage. The maxi-
mum difference was obtained in the case of 6-min expo-
sure to 180 °C, in which the crystallinity percentage was 
found to be 87% according to XRD versus 96% according 
to DSC. Yet, these differences are inconsistent because the 
crystallinity percentage as calculated according to XRD is 
higher in the cases of 100 °C, 120 °C and 150 °C compared 
to that obtained by applying quantitative analysis on the 
DSC results, while in the cases of 180 °C and 200 °C DSC 
yielded a higher crystallinity percentage. According to XRD 
and DSC, the as-cast melt-spun Mg65Cu25Y10 seems to be 

(4)pc =
ΔHm − ΔHc

ΔH0
m

∗ 100%

Table 3   Degree of crystallinity after exposure to temperature 
based on DSC analysis

Temperature and 
duration of exposure

Crystallinity percentage 
without correction

Corrected crystal-
linity percentage

100 °C—3 min 18 43
120 °C—3 min 20 44
150 °C—3 min 23 46
180 °C—3 min 90 93
200 °C—3 min 95 96
300 °C—3 min 100 100
100 °C—6 min 5 33
120 °C—6 min 14 40
150 °C—6 min 24 47
180 °C—6 min 95 96
200 °C—6 min 96 97
300 °C—6 min 100 100
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amorphous, while clear nano-grains were observed by 
means of HRTEM. As proposed elsewhere by Regev et al. 
[24], the contribution of the grain boundaries, which are 
amorphous by definition, is responsible for the amorphous 
character of the XRD spectrum. Tables 2 and 3 show that 
serious errors may occur when regarding the as-cast melt-
spun Mg65Cu25Y10 as completely amorphous. In turn, this 
shows the limitations of relying solely on XRD analysis. 
Keeping in mind that Mg65Cu25Y10 is known to be one 
of the best glass formers, the general question left to be 
answered is whether there are “true” amorphous materi-
als or whether crystallinity will always be revealed under 
sufficiently high resolution. Nevertheless, the described 
quantitative analysis shows that, at least in the current 
case, using HRTEM combined with XRD and DSC analyses 
is essential in order to avoid serious errors. This conclu-
sion is supported by the work of Gloriant et al. [39] who 
reported on evaluation of the volume fraction crystallized 
during devitrification of Al-based amorphous alloys. They 
applied XRD and DSC examination techniques and relied 
on the ratio of the integral intensities of the relevant peaks 
of crystalline and amorphous phases. They concluded that 
the use of DSC and XRD techniques for evaluating the per-
centage of crystalline phase in a nano-amorphous mixture 
is not straightforward, and hence, appropriate correction 
factors should be applied for better estimation.

5 � Conclusions

•	 The microstructure of melt-spun Mg65Cu25Y10 in its as-
cast condition as well as after 3- and 6-minute expo-
sures to 100 °C, 120 °C, 150 °C, 200 °C and 300 °C was 
investigated by means of XRD, DSC, HRSEM and HRTEM.

•	 Quantitative analysis was conducted on both XRD and 
DSC results in order to estimate the fraction of the crys-
talline phase after each thermal treatment. The differ-
ence between these two independent analyses did not 
exceed a few percentage points.

•	 Further improvement in the quantitative analysis was 
achieved by taking into account the degree of crystal-
linity of the as-cast material as revealed by HRTEM.

•	 The XRD spectrum obtained in the current study in the 
case of the melt-spun as-cast material appeared to be 
amorphous even though the material contained about 
30% of crystalline phase. This shows, in turn, that visual 
inspection of the XRD spectrum was not sufficient in 
the current case to decide about the material being 
completely amorphous.

•	 The current study showed that quantitative analysis 
might have lead to serious errors if the material had 

been assumed to be completely amorphous relying on 
the absence of crystalline peaks in the XRD spectrum.
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