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Abstract

We developed and describe a differential scanning calorimetry method for calculating the

initial crystallinity, change of crystallinity and crystallinity percentage of amorphous metal

alloys as a function of temperature. Using thermodynamic enthalpies of amorphous, crystal-

line and partially devitrified specimens, our methodology is capable of determining crystallin-

ity percentages as low as a few percent. Moreover, the linear relationship between the set

(pre-determined) and calculated crystallinities of experimental samples indicates that there

is no need to prepare calibration samples before measuring the crystallinity percentage of

target samples. This technique also eliminates the need for expensive in situ accessories,

such as those required in electron microscopy. Thus, the technique is highly relevant as a

primary technique for characterization of devitrification behavior in amorphous materials.

1. Introduction

Amorphous materials including metals, alloys, ceramics, and polymers have received a great

deal of attention due to their unique properties [1–5]. For example, amorphous silicon is

widely used for the fabrication of solar cells and thin film transistors. Amorphous chalcogen-

ides are used as phase-change memory materials [6–8], biosensors [9–11], and infrared optical

fibers [12–14]. For the case of amorphous metals, their high hardness, strength and wear resis-

tance, offers the promise of creating a new class of structural materials for applications in

diverse areas, including shot peening balls and fine precise polishing media [15], as well as

micro gears [16]. In addition, high corrosion resistance combined with high strength and elas-

tic modulus make bulk metallic glasses potential candidates for biomedical applications as sen-

sors [17–18], medical implants [19–20], and self-expanding stents [21–23].

The quantity of devitrified (crystalline) phases in amorphous materials such as silica glasses

and amorphous metal alloys, can drastically affect the mechanical properties [24–25]. For

instance, Khanolkar et al. [26] studied the shock wave response of partially devitrified

Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 and reported that the presence of a small quantity of

crystalline phases within the amorphous matrix results in an outstanding elastic limit.
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Magnetic [27–29] and corrosion [30–31] properties of amorphous materials are also influ-

enced by their crystallization behavior. Zhukova et al. [28] explored the effect of stress anneal-

ing on magnetic properties and high frequency impedance of Fe75B9Si12C4 amorphous glass-

coated microwires. The annealing treatment significantly decreased the coercivity and modi-

fied the hysteresis behavior. Additionally, the coercivity, remanent magnetization, and magne-

toimpedance effect of microwires was altered by changing time and temperature during the

stress-annealing process. Zhou et al. [32] studied the effect of crystallinity percent on corrosion

behavior of Mg65Cu25Y10 and Mg70Zn25Ca5 bulk metallic glasses and reported that fully amor-

phous BMGs possess a lower icorr and more noble Ecorr compared to their crystalline

counterparts.

In order to quantify the level of devitrification of amorphous materials, many techniques

have been developed, including X-ray diffraction (XRD), electron backscatter diffraction

(EBSD), and thermal analysis routes such as differential scanning calorimetry (DSC) [33–34].

Among these methods, XRD is the most extensively used, following two major approaches for

quantification, either employing individual peaks in the XRD pattern or employing the entire

pattern to define a relationship between the phase composition and the intensity and/or cumu-

lative area of peaks. As an example of the former category, Hermans and Weidinger [35–36]

developed a procedure for crystallinity quantification of polymers by XRD based on three

assumptions: (i) it should be possible to measure the crystalline intensity (Ic) and amorphous

intensity (Ia) of samples with varying crystallinity percentages, (ii) there is a proportionality

between the experimentally measured crystalline intensity and the crystalline fraction (Xc) in

the sample, and (iii) there is a proportionality between the experimentally measured amor-

phous intensity and the amorphous fraction (Xa) in the sample. Thus,

Xc ¼ p Ic ð1Þ

Xa ¼ q Ia ð2Þ

X ¼ Xa þ Xc ð3Þ

where p and q are proportionality constants. Combining these equations, one obtains:

q Ia ¼ X � p Ic ð4Þ

and

Ia ¼ X=q � p Ic=q ð5Þ

The values of Ia and Ic can be determined for samples with different crystallinity percent-

ages. Plotting Ia versus Ic should result in a straight line whose slope is p/q. The intercepts on

the x and y axes provide the intensity values of 100% crystalline and 100% amorphous samples,

respectively. The crystallinity percentage, Xcr, is given by:

Xcr ¼
Xc � 100

X
¼

Ic � 100

Ic þ
q�Ia
p

ð6Þ

Although this method is widely used, it has major limitations. For samples with preferred

grain orientation, the peak intensity for a specific direction is intensified leading to significant

errors in the calculation. In powders, this effect could be limited by reducing the size by grind-

ing. However, the process of grinding can cause other unwanted effects, such as polymorphic

transformations or devitrification of amorphous samples. The powders should be small

enough to yield reproducible diffracted intensities, but not too small since reduced crystallite
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size can lead to broadening of the XRD peaks [37–38]. Also, determination of crystalline (Ic)
and amorphous (Ia) intensities from experimentally recorded XRD patterns can be difficult

because it depends on a potentially subjective determination of the baseline intensity of the

pattern due to thermal and air scattering [36, 38]. Additionally, generating a calibration curve

requires preparing samples with various crystallinity percentages, which is accomplished by

mixing appropriate proportions of crystalline and amorphous standard phases. Here, heterog-

enous mixing and sampling can have an effect on the results, especially when preparing mix-

tures of extreme compositions (either very dilute or concentrated) [39]. Inhomogeneity is

probably the greatest source of error for many quantitative methods, especially with crystalline

and amorphous components where the bulk density difference between the two is significantly

large. Problems can arise in the calibration and validation samples, as well as samples with

active ingredients [40].

Nunes et al. [39] proposed that gradual crystallization of an amorphous component, usually

through heating, is similar to characterizing a series of physical mixtures prepared with

increasing percentage of crystalline component. In other words, the in situ crystallization

method can circumvent the problem of preparing solid mixtures containing very small

amounts of either crystalline or amorphous components. Generally, this technique requires

using an XRD unit equipped with a hot-stage for heating and suffers from the limited time res-

olution and sensitivity leading to a lack of detection of subtle changes in the crystallinity and,

as mentioned earlier, the presence of an amorphous phase makes it quite challenging to pre-

cisely define the baseline in XRD patterns. In order to quantify the content of crystalline

phases, XRD peaks corresponding to such phases need to be identified and labeled properly.

This could be problematic for systems with phases whose peaks overlap. For the case in which

one peak is assigned to more than one phase, there is always the possibility that phase identifi-

cation and peak deconvolution steps cannot be implemented properly. In general, conven-

tional XRD techniques are less accurate for characterization of nanostructured materials and

samples containing amorphous phases, since diffraction patterns become significantly broader

and crystalline features may be less discernible.

Quantification of XRD patterns could be improved by implementing whole pattern meth-

ods. One of these commonly used techniques is Rietveld refinement, by which all reflections

are simulated by calibrated crystallographic parameters [41]. However, issues such as baseline

definition can result in lack of certainty over the applicability as well as accuracy of this

method. Transmission electron microscopy (TEM) can be helpful in determining crystalline

phases by utilizing the electron diffraction feature of this technique. Nevertheless, sample prep-

aration procedures are complicated, and analysis is not always straightforward, especially for

fully unknown samples. Additionally, drawing a solid and reliable conclusion requires obtain-

ing and analyzing a great many images to make sure that the results are not local. Electron

backscatter diffraction (EBSD) is used for orientation determination, as well as phase identifi-

cation. In this method, the EBSD pattern is generated from the diffraction of the electron

beam interacting with crystallographic planes within the specimen [42], which requires accu-

rate surface polishing and finishing of bulk samples. In order to obtain EBSD patterns of high

quality and with a high indexing success rate, surface damage typically introduced during pol-

ishing should be minimized. This could be fulfilled by ion etching, using either a broad or

focused beam, which can be expensive and time-consuming [43–44]. Also, in order to index

the recorded pattern and distinguish between amorphous and crystalline regions, a compre-

hensive knowledge of the crystal structure of devitrified phases is required. Apart from the lim-

itations that have been highlighted for each of the methods described above, most techniques

collect signals from a small region of the sample, resulting in a bias from the extreme locality

of the signal. For instance, EBSD patterns are generated from the signals coming from a small
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interaction volume at the surface of the sample with a penetration depth of typically less than

50–100 nm [42]. This issue is attenuated when the XRD method is utilized.

DSC is superior to most other common methods used for quantifying the crystallization

process of amorphous materials. The technique can partially overcome the majority of the lim-

itations described previously. Nevertheless, most DSC studies associated with the determina-

tion of change of crystallinity of amorphous systems, have been mainly focused on exploring

the crystallization of polymers. In order to calculate the crystallinity percentage of a polymeric

sample, the specific heat of fusion for a partially crystalline polymer is measured from the area

under the endothermic peak in the heat flow curve and then divided by specific heat of fusion

for a fully crystalline sample. The crystallinity percentage obtained from this method, however,

is an average value which is valid for the temperature region around the melting point. In

other words, the change of crystallinity that takes place upon heating the sample from room

temperature to the melting point is not considered. In order to obtain an accurate temperature

dependence of crystallinity fraction [Wc (T)] for a polymer, variation of enthalpy as a function

of temperature for the sample of unknown crystallinity should be calculated and then com-

pared using the following equation:

WcðTÞ ¼
hamðTÞ � hsðTÞ
hamðTÞ � hcrystðTÞ

ð7Þ

where ham, hs, and hcryst are the specific enthalpies of a fully amorphous sample, the test sam-

ple, and a fully crystalline sample, respectively. The specific enthalpy of the test sample (hs) rel-

ative to a reference state at an initial temperature, Tini, can be calculated from the specific heat

capacity, Cp(T), as follows:

hsðTÞ � hsðTiniÞ ¼
RT

Tini

CpðTÞdT ð8Þ

Measuring the specific heat capacity is a well-known isothermal process in which the heat flow

of an empty pan (baseline) is subtracted from that of the test sample. The result is then divided

by the mass of the test sample and heating rate to obtain specific heat capacity as a function of

temperature. Details of this methodology are described by Höhne et al. [33]. This method has

yielded the most accurate results compared to other approaches in polymers. However, there

is no report that has extended this technique for non-polymeric systems such as amorphous

alloys and silica glasses. Some researchers have attempted to quantify the crystallization pro-

cess of Fe-based metallic glasses [45–46] using an isochronal DSC experiment. This approach

was introduced by Johnson-Mehl-Avrami in order to study the kinetics of isothermal solid-

state phase transformations (here glass to crystal) [47–48]. They postulated that the fraction of

crystallized component is proportional to the amount of heat evolved during crystallization,

which is proportional to the area under the exothermic peak associated with the crystallization

[49]. The thermal evolution of the crystallized fraction, α(T), can then be calculated as a func-

tion of temperature for different heating rates using:

aðTÞ ¼

RT

To

dh
dT

� �
dT

RT1

To

dh
dT

� �
dT
¼
AT

A
ð9Þ

where To and T1 correspond to the temperatures of onset and end of crystallization, dh/dT is

the heat capacity at a constant pressure, AT is the area under the DSC curve between the onset
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temperature and a given temperature, and A is the area under the curve between onset and

end of crystallization [49]. Basically, partial integration of the heat flow curve versus tempera-

ture curve results in the heat of crystallization versus temperature function. The integration

method results in a “change of crystallinity” rather than “crystallized fraction” as a function of

temperature. Given Eq 9, the initial crystallinity for a sample is an unknown and cannot be

determined. Fig 1 shows a typical DSC crystallization peak of an arbitrary sample with an

unknown initial crystallinity. Crystallization starts at T1 and ends at T3. The area under the

peak between T1 and T3 equals A. Assuming that during heating the sample does not undergo

crystallization until it reaches T1, the initial crystallinity could be calculated by dividing the

area under the curve between T1 and T2 = T1 + ε by the area under the curve between T1 and

T3.

Different modes of DSC have been attempted to obtain the most reliable and accurate Cp

values. Conventional DSC using a dynamic temperature program is one of the most common

techniques. It consists of three segments, starts and ends with two 10- to 15-minute isothermal

stabilization segments, between which a linear temperature ramp with a constant and high

heating rate (10–20 K/min) is implemented [33]. In the isothermal mode, achieved by a tem-

perature-modulated DSC (TM-DSC), there are short dynamic stages along the entire tempera-

ture range with isothermal stages before and after each heating segment to stabilize the

temperature. The temperature increase at each heating stage needs to be small, between 1 and

3 K. Since the temperature jumps are small, the isothermal stages could be as short as 2–3 min-

utes ensuring thermal equilibrium of the sample [50]. Sauerbrunn et al. [51] claimed that tem-

perature modulated DSC has advantages over conventional DSC for determination of heat

capacity and crystallinity. However, Schawe and Hess [50] proved that the method to deter-

mine the initial crystallinity by TM-DSC does not have any advantage compared to the classi-

cal evaluation methods using conventional DSC. The claimed apparent superiority of

TM-DSC over conventional DSC is simply based on a poor baseline selection. Also, the com-

plex heating program and evaluation procedure of TM-DSC could create additional errors in

the enthalpy determination [50]. Roura et al. [52] measured the small Cp differences between

Fig 1. Schematic representation of an exothermic crystallization peak. T1 and T3 represent the temperatures at

which crystallization starts and ends, respectively.

https://doi.org/10.1371/journal.pone.0234774.g001
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the amorphous and crystalline phases of silicon using four different approaches, namely con-

ventional and temperature-modulated DSC at a constant heating rate and with isotherms.

They concluded that conventional DSC with isotherms results in the best reproducibility for

the measurement of Cp variations due to crystallization. Ferrer et al. [53] measured the specific

heat capacity of three materials including slate, water and potassium nitrate by DSC through

three different heating programs, dynamic, isostep and area methods, as described in Fig 2.

They found relative errors smaller than 3% using the area method, while the dynamic and iso-

step techniques yielded values with errors up to 6% and 16%, respectively. As a consequence of

high heating rates applied in the dynamic and isostep techniques, there was an abrupt temper-

ature change at the initial and end points. Hence, DSC temperature sensors were not able to

Fig 2. (a) Dynamic, (b) isostep and (c) area methods for measuring the specific heat capacity of a material using

differential scanning calorimetry. (a) The dynamic method has an isothermal segment followed by heating with a

constant and high heating rate (10–20 K/min) until the final isothermal segment. (b) The isostep method consists of

short dynamic stages along the whole temperature range with isothermal stages before and after each heating segment.

(c) The area method consists of consecutive isothermal segments with no heating stages in between [54].

https://doi.org/10.1371/journal.pone.0234774.g002
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react fast enough to read and record the real temperature. Consequently, there was noise at the

beginning and end of each heating segment leading to a lower measurement sensitivity.

In response to the issues described above, we present a DSC technique that can quantify the

amount of devitrified phase in amorphous metal alloys over a broad range of temperatures.

The method results in both the change of crystallinity and crystallized fraction (or crystallinity

percentage) as a function of temperature of Fe-based amorphous powders using a conven-

tional DSC with a dynamic temperature program. Specific heat capacity is calculated from the

heat flow curve through the integration of Cp, then an enthalpy function is obtained from

which the change of crystallinity and crystallinity percentage are determined.

2. Experimental methodology

Amorphous SAM2×5 with a chemical composition of Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4

was used as a starting material [54–58]. To fully crystallize the amorphous SAM powder, a heat

treatment to a temperature of 1323 K was implemented using a heating rate of 30 K/min in a

Lindberg 59744-A tube furnace. The heat treatment time was 2 hours under a high purity N2

atmosphere (99.999%). The powder was subsequently cooled to room temperature in the pro-

tected N2 atmosphere.

X-ray diffraction (XRD) patterns at room temperature were obtained using a D2 Phaser

(Bruker AXS, Madison, WI) using a step size of 0.014 degrees 2θ, Cu Kα radiation, and a

count time of 3 s by scanning from 30 to 90 degrees 2θ. In order to determine the devitrified

phases during the crystallization process, high temperature in situ XRD experiments were also

completed in high-purity helium and 4% hydrogen in nitrogen on a D8 Advance system (Bru-

ker AXS, Madison, WI) with an Anton Paar HTK 1200N furnace and Cu anode X-ray tube.

Heating rate was set to 30 K/min for heating between scans. Hold (scanning) time for each

measurement was 30 minutes. Scan step was 0.03˚ and count time was 1 s/step, which corre-

sponds to a scanning rate of 1.54˚/minute.

Thermal analyses were carried out by differential scanning calorimetry on a SDT Q600 (TA

Instruments, New Castle, DE) instrument using a heating rate of 30 K/min to a temperature of

1273 K in flowing argon. Alumina crucibles of 90 μL capacity were used. All alumina crucibles

were taken through a homogenization process, consisting of heating and cooling under the

same conditions as the SAM2×5 powders in the DSC instrument. For the DSC experiments,

approximately 100 mg of powder were loaded into an alumina crucible and an empty alumina

crucible was used as a reference. Powder samples with five different crystallinity percentages

were prepared by mixing the appropriate amounts of amorphous and crystalline SAM2×5

powders. For each crystallinity percentage, three independent samples were prepared and

tested using DSC. The amounts are tabulated in Table 1. Contrary to most conventional char-

acterization techniques, the sample preparation for DSC experiments is not sensitive to the

need for homogeneous mixing, since the heat flow measured by DSC is acquired from the

whole material mass inside the crucible regardless of how homogenous it has been mixed and

prepared. This could be considered one of the advantages of the DSC method.

The heating program consisted of an isothermal heating at 323 K for 30 minutes, followed

by heating from 323 K to 1208 K with a heating rate of 30 K/min, and finally another isother-

mal segment at 1208 K for 30 minutes. Isothermal dwell times of 30 minutes guarantees the

thermal equilibrium of the sample. Additionally, a maximum temperature of 1208 K was

selected because it lies between the completion of crystallization and the melting temperature

(about 1473 K) of the SAM2×5 material. Using this temperature program, heat flow curves for

the empty crucibles and the test samples were recorded under a high purity Ar atmosphere

(99.999%). In order to obtain reliable and accurate results, system calibrations were completed.
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The TGA weight calibration made use of alumina standard specimens and the DSC heat flow

calibration made use of sapphire standard specimens. After calibration, testing was completed

on an empty crucible, followed by testing of an amorphous powder loaded into the same alu-

mina crucible. This cycle, including system calibration, was repeated for the crystalline and

partially devitrified samples.

3. Results and discussion

Fig 3 illustrates the XRD patterns of the amorphous and crystalline SAM powders. The amor-

phous SAM powder exhibits the typical broad pattern confirming its amorphous nature. The

crystalline SAM powder exhibits sharp peaks belonging to carbides, borides, oxides and metal-

lic iron. The SAM2×5 amorphous powder was initially characterized using DSC (Fig 4) result-

ing in a glass transition temperature (Tg) of ~883 K. The crystallization process initiated at Tx0

= 918 K followed by three additional crystallization events at Tx1 = 953 K, Tx2 = 988 K, and Tx3

= 1098 K. Finally, SAM2×5 achieved full crystallinity at Tcrys = 1173 K.

Fig 5 describes the methodology used in this study. In the first step, heat flow curves are

determined for an empty crucible, an amorphous sample, a partially crystalline sample, and a

fully crystalline sample [33]. Then, the change of crystallinity of a sample is calculated based

on the change in enthalpy as a function of temperature, which is derived by the integration of

the specific heat capacity curve using Eq 8. For this purpose, using the heating program

described in the experimental methodology, the heat flow of an empty alumina crucible is first

recorded with respect to time. In a second experiment, the same crucible is loaded with pow-

der test sample and recorded [Fig 6(A)]. In both cases, an empty alumina crucible is used as a

reference. Then, the initial isothermal segment of the heat flow curves of both the empty alu-

mina crucible and test sample are shifted upwards or downwards for an initial heat flow of

zero, as illustrated in Fig 6(B). Incorporating isothermal segments into the beginning and end

of the heating program along with plotting the heat flow curves as a function of time helps to

ensure that the specimen experiences equilibrium conditions during the isothermal heating

step, which can be distinguished by a flat (constant) heat flow during the isothermal segments.

Moreover, these flat curves at the beginning and end of the heating program makes it easier

Table 1. Nominal crystallinity, mass of individual components, and average crystallinities of powder batches prepared by mixing amorphous powders and crystal-

line powders.

Sample Nominal crystallinity (%) Mass of amorphous powder (mg) Mass of crystalline powder (mg) Average crystallinity (%) ± standard deviation

SAM5% 5 95.0 5.1 5.1 ± 0.1

95.1 5.2

94.9 4.9

SAM20% 20 80.2 20.0 20.0 ± 0.1

80.1 19.8

80.1 19.9

SAM40% 40 60.2 40.0 40.0 ± 0.2

59.9 40.3

60.0 39.8

SAM60% 60 40.1 59.9 60.0 ± 0.1

39.8 59.9

40.2 60.1

SAM80% 80 20.2 80.1 80.0 ± 0.1

19.9 79.9

19.9 80.2

https://doi.org/10.1371/journal.pone.0234774.t001
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and more accurate to do further adjustments such as shifting the curves either upwards or

downwards. For the next steps in the analysis, we will determine temperatures at which

Fig 3. X-ray diffraction patterns of (a) amorphous and (b) crystalline SAM2×5 powders. The crystalline powders were

obtained by heat-treating the amorphous powders at 1323 K for 2 hours under nitrogen atmosphere.

https://doi.org/10.1371/journal.pone.0234774.g003
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Fig 4. Heat flow curve of amorphous SAM2×5 powder obtained using a heating rate of 30 K/min in an argon

atmosphere.

https://doi.org/10.1371/journal.pone.0234774.g004

Fig 5. A schematic representation of our DSC-based methodology for determination of the change of crystallinity and crystallinity

percentage as a function of temperature.

https://doi.org/10.1371/journal.pone.0234774.g005
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specific thermal events—such as structural relaxation, glass transition, and crystallization—

take place.

Fig 7 illustrates typical heat flow curves recorded for the empty pan, the amorphous

SAM2×5 powder, the powder mixture of SAM5%, and the crystalline SAM2×5 powder with

respect to temperature. Crystallization of the amorphous SAM2×5 powder takes place at tem-

peratures between 918 K and 1173 K [Figs 4 and 7(A)]. The exothermic crystallization peaks

shrink slightly for sample SAM5% [Fig 7(B)]. The crystallization peak in amorphous metallic

systems is preceded by another exothermic event that spans a wide temperature range from

approximately 600 to 900 K, as seen in the graphs of Fig 7(A) and 7(B). This exothermic event

represents the structural relaxation of the amorphous phase whose existence, albeit minimal,

in the fully crystalline SAM powders [Fig 7(C)] could be due to the existence of a very small

content of amorphous phase in this powder.

In the next step, the heat flow of the empty crucible is subtracted from that of the crucible

containing the test powders, which results in the heat flow through the powder sample. This

value is divided by the mass of the test powders and heating rate to obtain the apparent heat

capacity of the powder sample. Fig 8 illustrates the apparent heat capacity curves for the three

samples. The Cp value of the crystalline SAM2×5 powder is about 0.5 J/g•K, which is in good

agreement with that of steels [59]. Subsequently, the variation of enthalpy for each sample is

calculated using Eq 8 by integration of the apparent heat capacity curves. These calculations

result in curves illustrated in Fig 9. For the sake of simplicity in the calculation, the initial

enthalpy of each sample is assumed to be zero. The initial enthalpy can be any arbitrary value

since the change of enthalpy is taken into consideration in subsequent calculations. Above

1173 K, where the crystallization process ends, the h curves of all samples become parallel and

linearly increase with an increase of temperature. The difference between the enthalpy of the

SAM5% sample with that of the crystalline sample is proportional to the temperature-depen-

dent change of crystallinity of the SAM5% sample.

The difference between the enthalpy curves of the amorphous and crystalline powder sam-

ples at a temperature above 1173 K (shown by an X in Fig 9) represents the enthalpy difference

between amorphous and crystalline states, which is basically the crystallization enthalpy of

amorphous SAM2×5 and is a constant value. On the other hand, the difference between the

enthalpy curves of SAM5% and crystalline powder at any arbitrary temperature (shown by a Y

in Fig 9) yields the enthalpy of SAM5% at each temperature across the curve. The line repre-

senting Y is moved from left to right at each point and used to obtain a value at each tempera-

ture. Therefore, Y is a function of temperature. Dividing the enthalpy difference between

SAM5% and crystalline SAM2×5 (Y in Fig 9) by the difference between the enthalpy curves of

the amorphous and crystalline powder samples at temperatures above 1173 K (X in Fig 9),

yields the change of crystallinity as a function of temperature, as illustrated in Fig 10. One can

see that in Fig 9, the magnitude of X at 1173 K, which represents the crystallization enthalpy of

amorphous SAM2×5, is smaller than that of Y, which is the crystallization enthalpy of partially

devitrified SAM5%. Unfortunately, this will cause the change of crystallinity of SAM5% to be

greater than that of the amorphous SAM2×5 powder (Fig 10), an unexpected situation since

one would expect the amorphous sample to have a greater change in crystallinity as the devitri-

fication process evolves. Such abnormalities were not observed for other test samples with

crystallinity percentages of 20, 40, 60, and 80%. The reason for this effect is that SAM5%, due

Fig 6. Heat flow curves with respect to time for an empty alumina pan and the same pan loaded with powder test

sample (a) as-recorded by differential scanning calorimetry and (b) after shifting upwards so that the initial isothermal

segments start at zero heat flow.

https://doi.org/10.1371/journal.pone.0234774.g006
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to its very low crystallinity, has a crystallization enthalpy close to that of amorphous SAM2×5

and natural variability in the experiments results in this issue. As will be discussed later, we

developed a procedure for correcting enthalpy curves that resolves this. Also, as seen in Fig 10,

the crystallization process for both samples starts at a temperature between 473 K and 573 K,

gradually increases until 923 K, and is followed by a more rapid crystallization process ending

around 1173 K.

According to previous results [60–64], there is no crystallization event below the Tg of

amorphous materials. The degree of disorder in amorphous metals partially depends on the

occurrence of short-range order (SRO), which involves changes of the local order such as rear-

rangement of neighboring atoms and local bond lengths. Annealing a metallic glass below the

glass transition temperature can disturb the SRO. This process is known as structural relaxa-

tion. Van Den Beuker and Radelaar [64] proposed a model for short range order that considers

two different processes: (i) chemical short range order (CSRO) which is associated with redis-

tribution of the constituent atoms, known to be reversible and is more or less analogous to

short range order in crystalline alloys [61, 63] and (ii) topological short range order (TSRO)

which is connected to topological changes, decreased atomic spacing and change of material

volume, and generally attributed to irreversible relaxation [61, 63]. At lower temperatures, the

more ordered states are favored while at higher temperatures the more disordered states domi-

nate. Given that true equilibrium takes place when the crystalline state is reached, CSRO and

Fig 7. Heat flow curves with respect to temperature of (a) empty pan and amorphous SAM2×5 powder, (b) empty pan

and SAM5% powder mixture with a known initial crystallinity, and (c) empty pan and crystalline SAM2×5 powder.

Downward peaks in these charts represent exothermic events.

https://doi.org/10.1371/journal.pone.0234774.g007

Fig 8. Apparent heat capacity, Cp, of amorphous, SAM5%, and crystalline powders as a function of temperature.

https://doi.org/10.1371/journal.pone.0234774.g008
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TSRO processes independently relax towards the equilibrium states [64]. What takes place

below the glass transition temperature is, in fact, structural relaxation phenomena that eventu-

ally results in crystallization starting at Tg. In other words, below the glass transition tempera-

ture we are facing densification of the glass (accompanied by a decrease in enthalpy) and

possibly formation of nano-sized nuclei that enable the crystallization process above Tg (cold

crystallization) [65–67]. Also, there are many reports that associate the exothermic reactions

just before the glass transition to the annihilation of free volume and structural relaxation [68–

71]. Fig 7 shows this feature in the heat flow curves of the amorphous, SAM5%, and crystalline

samples. In order to make sure that final crystallinity values are not affected by the structural

relaxation effect, regardless of its origin, the enthalpy curves for powders need to be corrected.

For this purpose, as will be discussed in detail later, we can safely ignore the sections of the

enthalpy curves below the temperature of crystallization. Here, we disregard the enthalpy

change below 898 K, which is slightly below the temperature of crystallization onset.

In order to finalize the analysis, the next step is to move the enthalpy curve of the amor-

phous SAM2×5 powders upwards to fit that of the crystalline powders at 1173 K [Fig 11(A)].

This is necessary because after crystallization is completed, both samples are ideally the same

(i.e., both are fully crystalline), and the enthalpy curves for both samples above the completion

of crystallization (above 1173 K) match each other, as seen in Fig 11(A). During heating of the

sample, there are two temperatures at which the slope of the enthalpy curve of the amorphous

sample changes. The first one happens at around 573 K, which indicates the initiation of

Fig 9. Enthalpy of amorphous, SAM5%, and crystalline powders as a function of temperature. The difference

between the enthalpy curves of the amorphous and crystalline powder samples at temperatures above 1173 K (shown

by an X) represents the enthalpy difference between amorphous and crystalline states, which is the crystallization

enthalpy of amorphous SAM2×5 and is a constant value. The difference between the enthalpy curves of SAM5% and

crystalline powder at any arbitrary temperature (shown by a Y) yields the crystallization enthalpy of SAM5% at each

specific temperature. Therefore, Y is a function of temperature and becomes larger as temperature is increased.

https://doi.org/10.1371/journal.pone.0234774.g009
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structural relaxation, and the second one occurs at around 883 K, which is the glass transition

temperature. The difference between the enthalpy values of the amorphous and crystalline

SAM2×5 samples at Tg indicates the true heat of crystallization, marked in Fig 11(A) with a

two-sided arrow. However, for a more straightforward calculation, it is possible to move the

original enthalpy curve of the amorphous SAM2×5 sample, shown in Fig 11(A), downward

until it matches that of the crystalline SAM2×5 sample at Tg. We set this point at 898 K, slightly

below 918 K, as illustrated in Fig 11(B). We can safely ignore the enthalpy curves below 898 K,

as justified earlier, and consider the region beyond that for further calculations. In this case,

the difference between the enthalpy curves of the amorphous and crystalline SAM2×5 samples

at the maximum temperature indicates the corrected heat of crystallization of the amorphous

SAM2×5, which is a constant value. By dividing the difference between the enthalpy of the

amorphous and crystalline SAM2×5 samples, at any arbitrary temperature, by the corrected

heat of crystallization (a constant), the change of crystallinity of the amorphous SAM2×5 as a

function of temperature can be determined. As the temperature of the amorphous sample is

increased and reaches the maximum temperature, it becomes fully crystalline, resulting in a

change of crystallinity of 1 (or 100% for crystallinity percentage).

Implementing for the SAM5% sample, the change of crystallinity (CC) of the amorphous

SAM2×5 and SAM5% samples can be obtained, as illustrated in Fig 12(A) using the following

equation:

CCðTÞ ¼
hcrystallineðTÞ � hSAMX%ðTÞ

hcrystallineðTmaxÞ � hamorphousðTmaxÞ
ð10Þ

where hSAMX% would correspond to the enthalpy for the SAM5% sample (i.e., hSAM5%). The

Fig 10. Change of crystallinity as a function of temperature for amorphous and SAM5% powders as a function of

temperature without correction for structural relaxation.

https://doi.org/10.1371/journal.pone.0234774.g010

PLOS ONE A method to quantify crystallinity in amorphous metal alloys: A differential scanning calorimetry study

PLOS ONE | https://doi.org/10.1371/journal.pone.0234774 June 22, 2020 16 / 31

https://doi.org/10.1371/journal.pone.0234774.g010
https://doi.org/10.1371/journal.pone.0234774


Fig 11. (a) Upward-shifted enthalpy curve of the amorphous powders with respect to the enthalpy curve of the

crystalline powders and (b) downward-shifted enthalpy curve of the crystalline powders with respect to the enthalpy

curve of the amorphous powders.

https://doi.org/10.1371/journal.pone.0234774.g011
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initial crystallinity of SAM5% would be the difference between change of crystallinity of the

amorphous SAM2×5 and SAM5% powders at the maximum temperature. This process results

in a value of approximately 0.04 for one experiment on the SAM5% powders. Moreover, by

adding this initial crystallinity value to the change of crystallinity curve at all temperatures for

SAM5%, the crystallinity percentage as a function of temperature can be obtained [Fig 12(B)]:

Crystallinity Percentage ¼ ½CCðTÞ þ Initial Crystallinity� � 100 ð11Þ

For the case of the SAM5% powders, the sample starts with a crystallinity of 4% (i.e., this is

the initial crystallinity). By increasing the temperature to about 1173 K, the crystallinity per-

centage gradually increases and reaches 100%. Further increases in temperature do not change

the crystallinity, as evidenced by the flattening of the curve in Fig 12(B).

Crystallinity percentages of powder mixtures of SAM20%, SAM40%, SAM60% and

SAM80% were calculated similarly and the results are graphed in Fig 13. Error bars along the y
axis represent uncertainties that will be discussed in the next section. There is a linear

Fig 12. (a) Change of crystallinity of amorphous and SAM5% powders and (b) crystallinity percentage of SAM5%

powders as a function of temperature.

https://doi.org/10.1371/journal.pone.0234774.g012
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relationship, with a slope close to 1 and intercept of almost zero, between the crystallinity per-

centage calculated from DSC data and the true crystallinity based on the initial powder mix-

tures. In other words, the crystallinity values calculated from DSC data equal that of known

samples and consequently there is no need to obtain calibration curves of any kind. One only

needs an amorphous sample, a crystalline sample, and the test sample. This is one of the merits

of our DSC-based methodology. The technique eliminates the need for preparing calibration

samples (with known crystallinity percentages) [39].

Fig 14(A)–14(G) shows the increasing crystallinity of prepared powder mixtures. A trun-

cated view of the XRD patterns of the amorphous SAM2×5 and SAM5% powders in a 2θ
range between 30 and 60 degrees is illustrated in Fig 14(H). Despite using a very slow scan rate

in XRD, the patterns of amorphous SAM2×5 and SAM5% are very similar, thus it is impossible

to quantify the crystallinity of SAM5% via XRD methods. This limitation is expected since the

resolution of the XRD technique is about 5 wt.% for specimens without light-weight elements

such as carbon and boron [72]. Lack of accuracy of XRD quantification becomes more signifi-

cant for SAM2×5 materials, which have both boron and carbon at relatively high concentra-

tions. Difficulty in identifying the devitrified phases in SAM2×5 is another reason that

precludes XRD as a technique for studying the quantification of crystallization of SAM2×5.

However, DSC can overcome the XRD limitations and yield a crystallinity percentage of

3.0 ± 1.6% for SAM5%. We clarify that the crystallinity percentage of 4% obtained for the

SAM5% powder [Fig 12(A)] is only from one measurement. However, the numbers reported

in Fig 13 are average values determined from three independent measurements. Thus, result-

ing in a more accurate value that now also contains a standard error.

Fig 13. Correlation between calculated crystallinity from DSC results and the true values based on initial known

crystallinities of mixed powders.

https://doi.org/10.1371/journal.pone.0234774.g013
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In order to confirm that the exothermic signals observed in DSC curves belong to the crys-

tallization events and not phase transformations from one crystalline state to another, high

temperature, in situ XRD experiments were completed on the amorphous SAM2×5 powder

from 823 to 1273 K. The results are illustrated in Fig 15. At all temperatures below Tg (883 K),

there is no sign of crystallization. At a temperature of 898 K, which is between Tg and the tem-

perature of initial crystallization, peak splitting begins, indicating initiation of devitrification.

Iron is the first phase that crystallizes. At around 1023 K the crystallization of carbide and

boride phases then follows. Although experiments were conducted in a hydrogen atmosphere,

at a temperature around 1023 K, oxides also start to form, and the quantities increase as the

temperature increases, thus the powders do contain some oxygen. This, however, does not

impact any of the results from our DSC analysis.

In summary, an experimental DSC-based methodology using a non-isothermal approach

was developed to determine the initial crystallization, change of crystallinity, and crystallinity

percentage of an amorphous metallic alloy as a function of temperature. Regardless of devitri-

fied phases, constituent elements and crystallization temperature range, this novel technique is

capable of pinpointing the crystallinity at an arbitrary temperature with a high accuracy. The

only significant limitation is a situation in which either an endothermic or exothermic thermal

event takes place during the crystallization temperature range.

4. Uncertainty analysis

The uncertainty of the crystallinity percentage was calculated according to the Guide to the

Expression of Uncertainty in Measurements (GUM) [73]. It should be noted that the uncer-

tainty of the crystallinity percentage is a function of temperature, since some of the contribu-

tors to the uncertainty are temperature dependent. In this section, we focus on obtaining the

uncertainty of the crystallinity percentage at room temperature (initial crystallinity). However,

the same procedure could be implemented for calculation of the uncertainty of the crystallinity

percentage at any arbitrary temperature. We consider the three following assumptions: (i)

crystallinity remains unchanged in the temperature region below 898 K, (ii) heating rate has

been selected in such a way that crystallization takes place at temperatures between 898 K and

1208 K, and (iii) the crystallinity of all samples is assumed to be 100% when heated above 1208

K. Considering these assumptions, the initial crystallinity can be calculated as follows:

Initial Crystallinity ð%Þ ¼ ½1 � change of crystallinity ðCCÞ at 1208 K� � 100 ð12Þ

Also, according to Eq 10, we have:

CCð1208 KÞ ¼
hcrystallineð1208 KÞ � hsampleð1208 KÞ

hcrystallineð1208 KÞ � hamorphousð1208 KÞ
ð13Þ

Four contributors to the uncertainty of the crystallinity percentage can be identified: (i) repeat-

ability, instrumental errors on the (ii) enthalpy of crystalline SAM2×5 at 1208 K, (iii) enthalpy

of amorphous SAM2×5 at 1208 K, and (iv) enthalpy of test sample at 1208 K.

Fig 14. XRD patterns of (a) amorphous, (b) SAM5%, (c) SAM20%, (d) SAM40%, (e) SAM60%, (f) SAM80%, and (g)

crystalline powders. (h) Truncated view of XRD pattern of amorphous and SAM5% powders over the 2θ range of 30 to

60 degrees.

https://doi.org/10.1371/journal.pone.0234774.g014
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Errors in repeatability could be quantified by calculating the standard deviation of the crys-

tallinity percentage for each sample using:

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

ðxi � �xÞ2

n � 1

v
u
u
u
t

ð14Þ

where xi, �x and n represent the measured values, the average value of all the measurements,

and the number of measurements, respectively. The resulting error values are shown as error

bars in Fig 13. According to

hðTÞ � hð898 KÞ ¼
RT

898 K
CpðTÞ dTffi

P
nCp;nðTnÞ � DT ð15Þ

the enthalpy at any arbitrary temperature is a function of heat capacity as well as temperature.

Thus, the following approach can be implemented in order to calculate the uncertainty in the

enthalpy. When any arbitrary measured quantity Y is not measured directly, but is determined

from N quantities X1, X2,. . ., XN, we have:

Y ¼ f ðX1;X2; . . . ;XNÞ ð16Þ

The expectation of each Xi, where i denotes value 1, 2,. . ., N) is denoted by xi. The standard

uncertainty of y, where y is the estimate of the measured Y is obtained by appropriately com-

bining the standard uncertainties of the input estimates x1, x2, . . ., xN. When the input quanti-

ties are correlated, the appropriate expression for the combined uncertainty u(y) is:

uðyÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where xi and xj are the estimates of Xi and Xj and u(xi, xj) = u(xj, xi) is the estimated covariance

associated with xi and xj. The degree of correlation between xi and xj is characterized by the

estimated correlation coefficient:

rðxi; xjÞ ¼
uðxi; xjÞ

uðxiÞ � uðxjÞ
ð18Þ

where r(xi, xj) = r(xj, xi) and -1� r(xi, xj)� 1. If the estimates xi and xj are independent, then r
(xi, xj) = 0, and a change in one does not imply an expected change in the other.

From Eq 15, the uncertainty in the enthalpy is affected by the uncertainty of the tempera-

ture difference (ΔT) and of the heat capacity. Considering the three enthalpy parameters in Eq

13, we start by calculating the uncertainty of hcryst (T = 1208 K) that, according to Eq 17, could

Fig 15. High temperature in situ X-ray diffraction patterns of SAM2×5 powders in the temperature range from

823 to 1273 K. The temperature at which each pattern was obtained is (a) 823 K, (b) 848 K, (c) 873 K, (d) 898 K, (e)

923 K, (f) 973 K, (g) 1023 K, (h) 1073 K, (i) 1123 K, (j) 1173 K, (k) 1223 K, and (l) 1273 K. Indexing symbols

correspond to those used in Fig 3.

https://doi.org/10.1371/journal.pone.0234774.g015
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be defined as follows:

uðhcrystð1208 KÞÞ ¼
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t
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where n = 3, namely Cp-crystalline_sample (1208 K) = 0.5561 J/g (average value of all three mea-

surements), Cp-crystalline_sample (898 K) = 0.35367 J/g (average value of all three measurements),

and ΔT = 1208–898 = 310 K. Also, xi and xj represent different heat capacity values and u(xi) is

the uncertainty from each input.

The heat capacity values of a specific sample at any two arbitrary temperatures, such as 898

K and 1208 K, are correlated input quantities. Consequently, correlation coefficients need to

be considered and calculated. In this research, an online calculator [74] was used to obtain the

correlation coefficients. By expanding Eq 19, we obtain:

uðhcrystðT ¼ 1208 KÞÞ ¼
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In order to calculate the uncertainty of heat capacity at 898 K, u(Cp(898 K)), and 1208 K, u
(Cp(1208 K)), instead of calculating the standard deviation, the difference between the
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maximum and minimum values of heat capacity at 898 K and 1208 K are considered. This is for

the purpose of incorporating larger values of the uncertainty of the heat capacity, which yields a

larger safety factor for the total uncertainty. The uncertainty of the temperature difference (ΔT)

of 1 K (based on information from TA Instruments), is an expanded uncertainty with a cover-

age factor of 2. Since the heat capacities at 898 K and 1208 K are independent of the temperature

difference (ΔT), the corresponding correlation coefficients r(Cp(898 K)) and r(Cp(1208 K)) are

zero, meaning that the last two terms in the bracket in Eq 20 are equal to zero. However, from

the online calculator, the correlation coefficient between heat capacities was calculated to be

0.92576. Consequently, by inserting the corresponding values into Eq 20, we obtain:

uðhcrystðT ¼ 1208 KÞÞ ¼

¼

ðDTÞ2 � uðCpð898 KÞÞ2 þ ðDTÞ2 � uðCpð1208 KÞÞ2þ

þ ðCpð898 KÞ þ Cpð1208 KÞÞ2 � uðDTÞ2þ

þ 2

ðDTÞ2 � rðCpð898 KÞ;Cpð1208 KÞÞ�

uðCpð898 KÞÞ � uðCpð1208 KÞÞ

2

6
4

3

7
5

8
>>>>>>>>>><

>>>>>>>>>>:

9
>>>>>>>>>>=

>>>>>>>>>>;

1

2

¼

¼

ð310Þ
2
� ð0:1878Þ

2
þ ð310Þ

2
� ð0:3118Þ

2
þ

þ ð0:5661þ 0:35367Þ
2
� ð0:05Þ

2
þ

þ 2½ð310Þ
2
� ð0:92576Þ � ð0:1878Þ � ð0:3118Þ�

8
>>>><

>>>>:

9
>>>>=

>>>>;

1

2

¼ 152:15 J=g ð21Þ

Similarly, u(hamorphous(T = 1208 K)) was calculated and resulted in a value of 91.21 J/g. The

same procedure was repeated for SAM5% and u(hSAM5%(T = 1208 K)) was found to be 69.14 J/

g. According to GUM, uncertainty contributions must all be in the same units of measurement

before they can be combined. In order to do that, sensitivity coefficients for each contributor

to uncertainty need to be calculated. Generally, sensitivity coefficients are just a multiplier

used to convert the uncertainty components to the correct units and magnitude for uncer-

tainty analysis. A sensitivity coefficient for each input was separately calculated by obtaining

the derivative of Eq 13 with respect to the input. Thus, the sensitivity coefficients are:

SC½hcrystallineðT ¼ 1208 KÞ� ¼
@CCð1208 KÞ

@hcrystallineðT ¼ 1208 KÞ
¼

¼
hSAM5%ðT ¼ 1208 KÞ � hamorphousðT ¼ 1208 KÞ
½hcrystallineðT ¼ 1208 KÞ � hamorphousðT ¼ 1208 KÞ�2

ð22Þ

SC½hSAM5%ðT ¼ 1208 KÞ� ¼
@CCð1208 KÞ

@hSAM5%ðT ¼ 1208 KÞ
¼

¼
1

hamorphousðT ¼ 1208 KÞ � hcrystallineðT ¼ 1208 KÞ

ð23Þ
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SC½hamorphousðT ¼ 1208 KÞ� ¼
@CCð1208 KÞ

@hamorphousðT ¼ 1208 KÞ
¼

¼
hcrystallineðT ¼ 1208 KÞ � hSAM5%ðT ¼ 1208 KÞ

½hcrystallineðT ¼ 1208 KÞ � hamorphousðT ¼ 1208 KÞ�2

ð24Þ

Considering the average values for hcrystalline(T = 1208 K), hSAM5%(T = 1208 K) and hamor-

phous(T = 1208 K) of 344.47, 119.68 and 125.97, respectively, the sensitivity coefficient for each

enthalpy factor can be calculated. Since the units of repeatability and enthalpy are similar, the

sensitivity coefficient for repeatability is assumed to be 1. Contributors to uncertainty and sen-

sitivity coefficients have been listed in Table 2. Finally, in order to combine the contributions,

the following equation was used:

uc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

c2

i u
2

i

r

ð25Þ

where uc, ci
2 and ui2 are the total (combined uncertainty), sensitivity coefficient for factor i and

uncertainty regarding factor i, respectively. Using Eq 25 and data in Table 2, the uncertainty of

the crystallinity percent of a powder mixture with a known crystallinity of 5% is 1.6%. Aside

from the sources of uncertainty contributing to the calculated crystallinity, it should be noted

that the process of preparing calibration samples with known crystallinity also contributes to

the error. Two main contributors to the uncertainty of crystallinity of calibration samples

include (i) measuring the weight of powder samples, and (ii) repeatability. For preparing cali-

bration samples (contribution i), appropriate amounts of crystalline and amorphous SAM2×5

were weighted with a repeatability of 0.2 g (provided by the manufacturer of the scale). Since

two mass measurements were carried out for preparing each calibration sample, the theoretical

uncertainty would be:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð0:2 gÞ2 þ ð0:2 gÞ2
q

¼ 0:28 g ð26Þ

For each crystallinity percentage, three powder mixtures were independently prepared and

Table 2. Uncertainty and sensitivity coefficients.

Uncertainty source Uncertainty Units Sensitivity coefficient

Repeatability 1.15 wt.% 1

hcrystalline(T = 1208 K) 152.15 J/g -0.000129236

hamorphous(T = 1208 K) 91.21 J/g 0.004705895

hSAM5%(T = 1208 K) 69.14 J/g -0.004576659

https://doi.org/10.1371/journal.pone.0234774.t002

Table 3. Uncertainties of sample weighting and repeatability, combined uncertainties, and rounded combined uncertainties for calibration samples with different

crystallinity percentages.

Sample Uncertainty of sample weighting Uncertainty of repeatability Combined uncertainty Rounded combined uncertainty

SAM5% 0.28 0.1 [(0.28)2 +(0.1)2]0.5 = 0.297 0.30

SAM20% 0.28 0.1 [(0.28)2 + (0.1)2]0.5 = 0.297 0.30

SAM40% 0.28 0.2 [(0.28)2 + (0.2)2]0.5 = 0.3440 0.30

SAM60% 0.28 0.1 [(0.28)2 +(0.1)2]0.5 = 0.297 0.30

SAM80% 0.28 0.1 [(0.28)2 +(0.1)2]0.5 = 0.297 0.30

https://doi.org/10.1371/journal.pone.0234774.t003
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tested, thus the contribution of repeatability could be quantified in the form of a standard devi-

ation presented in the last column of Table 1 (contribution ii). As mentioned earlier, the sensi-

tivity coefficient for these two types of repeatability equals to 1. Hence, using Eq 25, the

rounded combined uncertainties for the crystallinity percentage of each prepared powder mix-

ture are calculated and presented in Table 3. The uncertainty values associated with the crystal-

linity of calibration samples determined from experiments and calculation are listed in Table 4

and as error bars along the y axis in Fig 13. Table 4 summarizes the true and calculated crystal-

linities and corresponding uncertainties for all calibration specimens. It is clearly seen that for

all concentrations of crystalline phase in the calibration samples, the calculated crystallinity is

very close to the true one. This high accuracy is even observed for the sample with an extreme

composition (SAM5%). It is worth mentioning that ideally assumed amorphous samples

might include some small percentage of crystalline phase, while the crystalline samples might

include some small percentage of amorphous component. This would need to be quantified

and added to the uncertainty associated with the preparation of calibration samples.

5. Conclusions

A novel method based on differential scanning calorimetry (DSC) is introduced for the deter-

mination of initial crystallinity, change of crystallinity, and crystallinity percentage as a func-

tion of temperature for amorphous metal alloys by comparing the enthalpy of amorphous,

crystalline and partially crystalline specimens. In order to ascertain that the values of calculated

crystallinity are close to those of set crystallinities, five calibration samples with different crys-

tallinities were prepared by mixing appropriate amounts of amorphous and crystalline pow-

ders. Due to the nature of the DSC technique, there is no need for homogenous mixing of

calibration samples, which is considered a merit of this method compared to other characteri-

zation methodologies such as X-ray diffraction (XRD). Through a dynamic DSC approach, the

variation of heat capacity and enthalpy of amorphous, crystalline and powder mixtures with a

known crystallinity were calculated. A linear relationship between the true and calculated crys-

tallinity values guarantees that, unlike conventional methods such as XRD, it is not necessary

to prepare and test calibration samples before examining a target specimen. We also used the

GUM methodology to quantify the contributions from random and systematic errors. We

found that for the pre-mixed sample with composition of 5% crystalline and 95% amorphous

content, our methodology yields a crystallinity of 3.0 ± 1.6%. This methodology has a very

high accuracy as well as a very broad applicability to diverse amorphous systems including

metals, ceramics, polymers, and alloys regardless of crystallization temperature range, and

devitrified products. The method loses its accuracy when analyzing amorphous systems in

which the crystallization process is accompanied by the occurrence of other phase

Table 4. Calculated crystallinity and uncertainty for powder mixtures with known crystallinity percentages. The values following the average crystallinity in the last

column of Table 1 include the standard deviation. The errors in the initial crystallinity in this table are uncertainty values that include the standard deviation obtained

from three independent measurements as well as errors originating from multiple sources explained in the manuscript.

Sample Values from powder mixtures Values from DSC determination

Known crystallinity (wt.%) Uncertainty (wt.%) Calculated crystallinity from DSC data (wt.%) Uncertainty (wt.%)

SAM5% 5.1 0.3 3.0 1.6

SAM20% 20.0 0.3 20.0 2.5

SAM40% 40.0 0.3 42.0 1.5

SAM60% 60.0 0.3 61.0 1.8

SAM80% 80.0 0.3 82.0 1.9

https://doi.org/10.1371/journal.pone.0234774.t004
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transformations at the same temperature. Also, to analyze materials in which melting takes

place slightly after crystallization terminates, a significantly lower heating rate needs to be

incorporated.
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7. Hegedüs J, Elliott SR. Microscopic origin of the fast crystallization ability of Ge-Sb-Te phase-change

memory materials. Nat. Mater. 2008; 7: 399–405. https://doi.org/10.1038/nmat2157 PMID: 18362909

8. Wuttig M, Yamada N. Phase-change materials for rewritable data storage. Nat. Mater. 2007; 6:824–

832. https://doi.org/10.1038/nmat2009 PMID: 17972937

9. Sreekanth KV, Ouyang Q, Sreejith S, Zeng S, Lishu W, Ilker E, et al. Phase-change-material-based

low-loss visible-frequency hyperbolic metamaterials for ultrasensitive label-free biosensing. Adv. Opt.

Mater. 2019; 7:1–9. https://doi.org/10.1002/adom.201900081

PLOS ONE A method to quantify crystallinity in amorphous metal alloys: A differential scanning calorimetry study

PLOS ONE | https://doi.org/10.1371/journal.pone.0234774 June 22, 2020 28 / 31

https://doi.org/10.1038/s41578-018-0054-3
https://doi.org/10.1016/j.pmatsci.2010.04.002
https://doi.org/10.1115/1.3183779
https://doi.org/10.1016/j.matdes.2010.11.057
https://doi.org/10.1016/j.matdes.2010.11.057
https://doi.org/10.1002/adma.201802120
https://doi.org/10.1002/adma.201802120
http://www.ncbi.nlm.nih.gov/pubmed/30589105
https://doi.org/10.1126/science.1221561
http://www.ncbi.nlm.nih.gov/pubmed/22723419
https://doi.org/10.1038/nmat2157
http://www.ncbi.nlm.nih.gov/pubmed/18362909
https://doi.org/10.1038/nmat2009
http://www.ncbi.nlm.nih.gov/pubmed/17972937
https://doi.org/10.1002/adom.201900081
https://doi.org/10.1371/journal.pone.0234774


10. Sharma E, Hegazy HH, Sharma V, Sharma P. Topological behavior and glassy framework of GeTe-

SeGa chalcogenide glasses. Phys. B (Amsterdam, Neth.) 2019; 56:100–106. https://doi.org/10.1016/j.

physb.2019.03.019

11. Chen Y, Wang R, Shen X, Wang J, Xu T. New methods versus old questions: crystallization kinetics of

S, Se, and Te. Cryst. Growth Des. 2019; 19:1103–110. https://doi.org/10.1021/acs.cgd.8b01608

12. Biswas D, Surajkumar Singh L, Sundar Das A, Bhattacharya S. An investigation of S–Se–Te semicon-

ducting glassy alloys: structural characterization and electrical conductivity. J. Non-Cryst. Solids. 2019;

510:101–111. https://doi.org/10.1016/j.jnoncrysol.2019.01.013

13. Eggleton BJ, Luther-Davies B, Richardson K. Chalcogenide photonics. Nat. Photonics 2011; 5:141–

148. https://doi.org/10.1038/nphoton.2011.309

14. Lin CH, Rüssel CH, Dai S. Chalcogenide glass-ceramics: functional design and crystallization mecha-

nism. Prog. Mater. Sci. 2018; 93:1–44. https://doi.org/10.1016/j.pmatsci.2017.11.001

15. Inoue A, Bulk glassy and nonequilibrium crystalline alloys by stabilization of supercooled liquid: fabrica-

tion, functional properties and applications (Part 2). Proc. Jpn. Acad., Ser. B 2005; 81:172–188. https://

doi.org/10.2183/pjab.81.156

16. Yodoshi N, Yamada R, Kawasaki A, Makino A. Micro viscous flow processing of Fe-based metallic

glassy particles. J. Alloys Compd. 2014; 615:S61–S66. https://doi.org/10.1016/j.jallcom.2013.12.256

17. Hasegawa R. Applications of amorphous magnetic alloys in electronic devices. J. Non-Cryst. Solids

2001; 287:405–412. https://doi.org/10.1016/j.jallcom.2013.12.256.

18. Lei C, Lei J, Yang Z, Zhou Y. Improved micro fluxgate sensor with double-layer Fe-based amorphous

core. Microsyst. Technol. 2013; 19:167–172. https://doi.org/10.1007/s00542-012-1523-z

19. Meagher P, O’Cearbhaill ED, Byrne JH, Browne DJ. Bulk metallic glasses for implantable medical

devices and surgical tools. Adv. Mater. 2016; 28:5755–5762. https://doi.org/10.1002/adma.201505347

PMID: 27031058

20. Hua N, Chen W, Wang Q, Guo Q, Huang Y, Zhang T. Tribocorrosion behaviors of a biodegradable

Mg65Zn30Ca5 bulk metallic glass for potential biomedical implant applications. J. Alloys Compd. 2018;

745:111–120. https://doi.org/10.1016/j.jallcom.2018.02.138

21. Johnson WL, Bulk amorphous metal-an emerging engineering material. JOM 2002; 54:40–43. https://

doi.org/10.1007/BF02822619

22. Jafary-Zadeh M, Praveen Kumar G, Sergio Branicio P, Seifi M, Lewandowski JJ, Cui F. A critical review

on metallic glasses as structural materials for cardiovascular stent applications. J. Funct. Biomater.

2018; 9:1–32. https://doi.org/10.3390/jfb9010019 PMID: 29495521

23. Huang L, Pu C, Fisher RK, Mountain DJ, Gao Y, Liaw PK, et al, Zr-based bulk metallic glass for future

stent applications: materials properties, finite element modeling, and in vitro human vascular cell

response. Acta Biomater. 2015; 25:356–368. https://doi.org/10.1016/j.actbio.2015.07.012 PMID:

26162585

24. Dittmer M, Rüssel C. Colorless and high strength MgO/Al2O3/SiO2 glass–ceramic dental material using

zirconia as nucleating agent. J. Biomed. Mater. Res., Part B. 2012; 100B:463–470. https://doi.org/10.

1002/jbm.b.31972 PMID: 22102399

25. Irifune T, Kawakami K, Arimoto T, Ohfuji H, Kunimoto T, Shinmei T. Pressure-induced nano-crystalliza-

tion of silicate garnets from glass. Nat. Commun. 2016; 7:1–7. https://doi.org/10.1038/ncomms13753

PMID: 27924866

26. Khanolkar GR, Rauls MB, Kelly JP, Graeve OA, Hodge AM, Eliasson V. Shock wave response of iron-

based in situ metallic glass matrix composites. Sci. Rep. 2016; 6:1–9. https://doi.org/10.1038/

srep22568 PMID: 26932846

27. Cao CC, Wang YG, Zhu L, Meng Y, Zhai XB, Dai YD, et al. Local structure, nucleation sites and crystal-

lization behavior and their effects on magnetic properties of Fe81SixB10P8−xCu1 (x = 0~8). Sci. Rep.

2018; 8:1–11. https://doi.org/10.1038/s41598-018-19665-8 PMID: 29352204

28. Zhukova V, Blanco JM, Ipatov M, Churyukanova M, Taskaev S, Zhukov A. Tailoring of magnetoimpe-

dance effect and magnetic softness of Fe-rich glass-coated microwires by stress-annealing. Sci. Rep.

2018; 8:1–14. https://doi.org/10.1038/s41598-018-21356-3 PMID: 29453403

29. Xu Y, Sun Y, Dai X, Liao B, Zhou S, Chen D. Microstructure and magnetic properties of amorphous/

nanocrystalline Ti50Fe50 alloys prepared by mechanical alloying. J. Mater. Res. Technol. 2019;

8:2486–2493. https://doi.org/10.1016/j.jmrt.2019.02.007
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