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The major challenge to overcome when processing metallic glasses (MGs) is to avoid crystallization.
Therefore, time-temperature-transformation (TTT) diagrams are used, but they are often derived from
experiments in which heating or cooling rates are limited and do not cover the full range of processing
conditions, especially those encountered in additive manufacturing (AM) where the rates are very high.
Here, an industrial-grade Zr-based MG (AMZ4) is investigated via fast differential scanning calorimetry
(FDSC). The critical cooling and heating rates of AMZ4 are experimentally measured and TTT diagrams
are determined upon heating and cooling. The critical heating rate of 45,000 K/s is 18 times the critical
cooling rate, which indicates the presence of a self-doped glass (SDG) that includes quenched-in nuclei.
The results illustrate that AMZ4 is very sensitive to crystallization, even in laser-based AM conditions,
where heating and cooling steps need to be distinguished.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
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Metallic Glasses (MGs) refer to alloys that have the abil-
ity to solidify in the amorphous state upon cooling from the
melt provided that the cooling rate is high enough [1]. AMZ4
is one of the Zr-based MGs free of Be and Ni. It has been de-
signed in the last decade and is composed of Zr, Cu, Al, and Nb
(Zrsg 3Cupg gAlyg 4Nbys, in at.%) [2].

The cost is one of the main criteria for the selection of an alloy
for industrial applications. Industrial-grade alloys are often less ex-
pensive, but they contain more impurities, such as oxygen [3]. The
adverse effect of oxygen content on the glass-forming ability and
thermal stability of Zr-based bulk MGs (BMGs) has been previously
studied [4,5].

Industrial-grade AMZ4 powder has recently gained great at-
tention in laser-based additive manufacturing (AM) methods, such
as laser powder-bed fusion (LPBF) [6-11]. Customized design, low
waste, the possibility of producing complex geometry and larger
size fabrication have made LPBF a prominent candidate compared
to other conventional processing methods such as casting [12].

Since the interaction time between the laser and the deposited
powder is short and confined to a small volume the local cooling
rate (Bc) can reach 103 to10® K/s [13], which is typically higher
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than the critical cooling rate (8.¢) of most MGs [1,14,15]. Several
BMGs based on Al [16], Cu [17], Fe [18], Ti [19], Zr [6-11,20-23],
and Pd [24] have been fabricated via LPBE.

Although the mentioned processing techniques induce high
cooling rates, crystallization of industrial-grade AMZ4 has been re-
ported in several studies [6-11,21]. According to Liu et al. [25],
crystallization in AM-produced Zr-based (ZrgsCuisNijgAl;g) BMG
parts occurs upon reheating the solidified material during laser
processing due to the adding of new layers. Yang et al. [22] and
Ouyang et al. [23] investigated LPBF of a Zrs5Cu3gNisAl;g BMG and
underlined the time spent above the crystallization temperature
(a few milliseconds) in the heat-affected zone (HAZ) of the melt
pool as crucial for the crystallization process. However, the crys-
tallization temperature was measured by conventional differential
scanning calorimetry (DSC) at a heating rate of 20 K/min, which
is far below the heating and cooling rates experienced in the LPBF
process. It is well established that an increase in the heating rate
significantly influences glass transition and crystallization tempera-
tures [10]. Therefore, to unravel the reason behind crystallization, a
characterization technique considering higher heating and cooling
rates is required.

Fast differential scanning calorimetry (FDSC) has made possible
detailed studies of structure formation at heating rates (8,) and
cooling rates (B¢) of up to more than 104 K/s [26]. This technique
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has been extensively used to study crystallization in various MG
alloys [27-34]. Ericsson et al. [21] prepared a TTT diagram upon
cooling for AMZ4 by FDSC and also used it for a numerical sim-
ulation of the LPBF process. However, a corresponding TTT dia-
gram upon heating, and continuous heating and cooling transfor-
mation (CHT and CCT) diagrams, would describe more realistically
the AM process. In our previous study [10], using numerical simu-
lations we estimated that the heating and cooling rates of LPBF on
AMZ4 were 1 x 108 K/s and 5 x 10° K/s, respectively. Despite these
high rates nanocrystals were detected in the HAZ. The origin of the
crystallization behavior at such high rates of temperature changes
needs to be better understood.

Despite the great interest in the application of AMZ4, knowl-
edge on the solidification process and crystallization of this ma-
terial is still limited and the few reported data differ significantly
from one another [2,6,21,35-37]. However, such data are important
in order to adjust the processing parameters to increase the rela-
tively low thermal stability, which is one of the main technological
problems during the processing of this material.

In this work, the critical cooling and heating rates (8.¢ and
Br°) of industrial-grade AMZ4 have been measured by FDSC and
time-temperature-transformation (TTT) diagrams upon heating and
cooling, and continuous heating and cooling transformation (CHT
and CCT) diagrams, have been experimentally constructed. The re-
sults of the present study can thus be used e.g. for finite element
simulations of AM or casting processes to predict crystallization
and describe the related processing conditions.

Pre-alloyed gas-atomized amorphous AMZ4 powder (with an
oxygen content of around 1300 ppm [10]), supplied by Heraeus
Additive Manufacturing GmbH, with a nominal chemical compo-
sition of Zrsq3Cuyg gAlijg4Nbys was used for the FDSC experiments.
The measurements were performed using a Flash DSC 2+ (Metter-
Toledo) with a UFH-1 sensor and equipped with an HC100 intra-
cooler (Huber); for details see Refs. [26,38]. To reduce the oxygen
content of the purge gas, the sensor support was sealed with a
screw-on lid, and argon (99.999% purity) with a flow rate of 80
ml/min was used. The temperature of the sensor support was set
to —40 °C. The preparation step for the sensor (denoted as “correc-
tion”) was performed at the same conditions. For sample position-
ing, the active zone on the sample side of the sensor was wetted
with a thin film of silicon oil (AK 60000 from Wacker Chemie). Be-
fore the first measurement, the sample was purged for 45 min. The
oil evaporates and decomposes during the first heating.

In prior experiments, it was found that the crystallization ki-
netics of individual powder particles shows large variations of the
critical heating rate with values between 30,000 and more than
60,000 K/s. This may be due to the influence of sample size on the
crystallization kinetics, which occurs for samples below a critical
size [28]. Therefore, the sample size was varied to find the op-
timum experimental conditions. Fluctuations are significantly re-
duced (to between 40,000 and 50,000 K/s) in samples containing
three to five particles, with a typical overall mass of 0.3 ©g. The
particles were molten together on the sensor in such a way that
they form a single particle, as a collection of individual particles
usually leads to multiple crystallization events.

To measure the cooling-rate dependence of crystallization, sam-
ples were cooled with rates between 200 K/s and 40,000 K/s from
the liquid state, and subsequently heated at 5000 K/s. The time-
temperature curves are shown as inset in Fig. 1a. The glass transi-
tion occurs above 400 °C and crystallization occurs between 650 °C
and 800 °C, followed by a complex melting range. The intensity
of the glass transition (ACp) and the enthalpy of crystallization
(AH.) are plotted against the cooling rate in Fig. 1b. We evaluated
both events simultaneously to have an additional indication that
the sample was previously amorphous after fast cooling and that
the exothermal peak can be interpreted as a crystallization pro-
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Fig. 1. (a) FDSC scan of AMZ4 measured with 5000 K/s heating rate after cooling
at different rates (8¢) from 200 K/s to 40,000 K/s (the inset illustrates the applied
temperature-time program). (b) Intensity of the glass transition and enthalpy of
crystallization of AMZ4 during heating as a function of the previous cooling rate
(log scale). Three regions corresponding to a crystalline solid, a semi-crystalline
glass and an amorphous glass can be distinguished.

cess. At cooling with relatively low rates (200 K/s < B¢ < 800 K/s)
the sample crystallizes completely. Thus, no glass transition and
crystallization occur during heating. After cooling between 800 K/s
and 2500 K/s, the glass transition intensity and the crystallization
enthalpy increase with increasing cooling rate. This is the cooling-
rate range that leads to a semi-crystalline glass, i.e. a MG compos-
ite that consists of a glassy and crystalline phase. When cooling at
higher rates (8¢ > 2500 K/s), the sample does not crystallize any-
more, and AH. and ACp, remain constant. Consequently, the criti-
cal cooling rate is determined to be 2500 K/s. In our previous work
[10], using finite element (FE) simulations, we calculated S in the
melt pool of the LPBF process as 5 x 10° K/s, which is two orders
of magnitude faster than the B.¢ of AMZ4. Therefore, in the LPBF
process the initial cooling cycle from the melt should not lead to
crystallization of AMZ4.

The FDSC curves in Fig. 1a show a complex melting process
with two main peaks at approximately 905 and 950 °C. In the case
where the sample is completely crystallized during cooling (8¢ <
800 K/s), the main melting peak is at 950 °C. After cooling at rates
larger than S.¢ = 2500 K/s, it is at 905 °C. The difference in melt-
ing temperatures indicates the appearance of two different crys-
talline phases that form during slow cooling or heating of the glass
[39].

To determine the critical heating rate, AMZ4 was heated at
different rates between 1000 and 60,000 K/s (Fig. 2a). As illus-
trated in the inset for the temperature-time program, after achiev-
ing a stable liquid the sample was cooled with a 8. of 10,000 K/s,
which is four times the critical cooling rate, to ensure that a glass
has formed after cooling. The curves in Fig. 2a indicate that the
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Fig. 2. (a) FDSC curves of AMZ4 measured at different heating rates () between
1000 K/s and 60,000 K/s after cooling the melt at a rate of 10,000 K/s (the inset
illustrates the applied temperature-time program). (b) Measured onset of the glass
transition versus heating rate (solid dots) and fit according to eq. (2); the open dots
are the corrected onset temperatures.

measured onset temperatures for the glass transition and crys-
tallization increase and that the crystallization enthalpy decreases
with increasing heating rate. When heating with g, > 40,000 K/s,
no crystallization occurs. Thus, the critical heating rate of AMZ4 to
bypass crystallization is determined to be 8, ~ 45,000 K/s. The
comparison of the critical scanning rates shows that 8. = 2500
K/s « B¢ which reveals that a self-doped glass (SDG) compris-
ing quenched-in nuclei has formed (for more details, see Ref. [40]).
The numerically computed heating and cooling rates of AMZ4 in
the LPBF process are 1 x 106 K/s and 5 x 10° K/s [10], respectively,
and thus much higher than the critical values measured here. Nev-
ertheless, crystallization has been detected in [10], illustrating that
(constant) critical heating and cooling rates are not enough to
describe the AMZ4 crystallization behavior in the LPBF process.
This has also been demonstrated in [32], where BMG casting was
monitored by high-speed infrared experiments and complementary
FDSC studies.

To determine the real onset temperature of crystallization, the
measured onset temperature has to be corrected considering the
influence of heat-transfer conditions in the calorimeter. The sim-
plest correction considers the thermal lag (), where the mea-
sured onset temperature of a thermal event (Tonm) is described
by [41]:

Ton:Ton,m_r,Ba (l)

where Ty, is the real onset temperature of the thermal event and
B is the scanning rate.

Usually 7 is rate independent. Using small samples and high
heating rates, the linear approach of eq. (1) may, however, be vi-
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olated. In such a case, the measured onset temperature is better
described by a phenomenological equation [42]:

Tonm =Ton + 0B + b,BO'S, (2)

where a and b are constants. The heating-rate dependent apparent
thermal lag is then:

T(B)=a+bp % (3)

The parameters for the temperature correction are usually de-
termined by the use of calibration materials (pure metals). For
FDSC, the temperature corrections depend strongly on the heat
contact between the sensor and the sample and the heat-transfer
conditions in the sample [43]. Consequently, the thermal lag
should be determined directly from the sample under investiga-
tion. Because of the complex melting behavior of AMZ4 the use of
the melting-peak onset is not straightforward, but another option
is the glass transition. If the glass transition temperature (Tg) is
determined as a limiting fictive temperature [44,45], the Tg of an
non-annealed sample and the width of the transformation depend
only on the cooling rate but are independent of the heating rate
[46,47]. In the heating-rate range used the apparent heating-rate
dependence of non-annealed glasses is thus caused by thermal lag.
The heat-flow curves in Fig. 2a are measured after previous cooling
at a rate of 10,000 K/s. The thermal lag is then determined from
the onset temperature of Tg (Fig. 2b). The solid curve in Fig. 2b
is the fit result of Eq. (2) to the measured values, with the pa-
rameters Top, = 461.0 °C, a = -1.15 x 10~% s and b = 0.35 (K.s)0>.
The resulting corrected onsets of Ty are independent of the heat-
ing rate and approximately 465 °C. Comparison with the use of the
heating-rate dependent melting temperatures of Pb and In to cor-
rect for thermal lag revealed that the uncertainties at high heating
rates are larger than with the presented method.

The corrected onset temperatures of the crystallization peaks
upon heating and cooling have been determined from Eq. (1) and
are plotted in Fig. 3a as a function of the scanning rate. This dia-
gram indicates also the critical cooling and heating rates.

The TTT diagrams of AMZ4 measured upon heating and cooling
are presented in Fig. 3b. To obtain the TTT diagram upon heating,
the sample was cooled from the melt with a rate of 20,000 K/s
(eight times B.°) to far below the glass transition temperature, and
subsequently heated with a rate of 50,000 K/s (faster than B;°)
to the crystallization temperature (Tx). During an isothermal seg-
ment at T, a crystallization peak appears. The times of the on-
set, peak, and end-set were determined and plotted in Fig. 3b. In
the region of maximum crystallization rate, the data scatter sig-
nificantly (at a logarithmic scale), which is due to the stochas-
tics of nucleation near the nose of the TTT diagram [40] and, in
the present case, the experimental uncertainty of measuring such
small onset times close to the time resolution of the sensor. The
TTT diagram upon cooling is determined in a similar way. Samples
were cooled directly from the melt with 20,000 K/s to Tx. Usu-
ally, the maximum rate of nucleation occurs at temperatures lower
than the maximum rate of growth [48]. Consequently, by heating
from the glassy state a self-doped glass [40] includes more nuclei
before isothermal crystallization than a sample that is quenched
from the melt. Therefore, the TTT diagram upon heating is shifted
to shorter times compared to the one upon cooling, which has also
been observed for other MGs [29]. The lack of nuclei at high tem-
peratures upon cooling from the melt (due to a low nucleation
rate) explains the missing data points in the TTT curve upon cool-
ing. This TTT curve is bimodal, with a maximum crystallization
rate (nose) at about 750 °C and a second one at 640 °C. Thus,
different kinds of nuclei might form at these relatively low tem-
peratures. The peak time at the upper nose of the TTT curve upon
cooling is around 35 ms, which is longer than that measured in
Ref. [21]. This discrepancy may be attributed to the fact that in



N. Sohrabi, J.E.K. Schawe, ]. Jhabvala et al.

| 1
a) " ® Heating !
80} @ E @® Cooling !
5} \ | :
2 1
e [ ]
s ® o
© : !
N
s 700 : ° i
2 L
g ' : . !
— Critical "} ® 1
9 cooling rate p ;
g ! 1
5 ® : Critical —7 1
600 - : heating rate :
! 1
| :
L L
10° 10° 10* 10°
b) Scanning rate [K/s]

800

600

Crystallization temperature [°C]

X
Onset Peak Endset ORI _
] [ ] X upon heating N
o ® X upon cooling R
1 1 1
10° 102 10" 10° 10’

Time [s]

Fig. 3. (a) Corrected onset temperatures of the crystallization peaks measured upon
heating and cooling. The dashed lines indicate the critical scanning rates above
which no crystallization occurs. (b) Isothermal TTT-diagrams of AMZ4 measured
upon heating from the amorphous state and cooling from the melt; shown are val-
ues for the onset, maximum, and end-set of the crystallization peaks. The dashed
curves are guides to the eyes for the peak maxima. The solid lines with small tri-
angles are the CHT and CCT curves. The inset illustrates how these curves were
measured.

Ref. [21] only a single powder particle was used, generating a high
uncertainty in the measurement, and that no oxygen content was
specified.

The CHT diagram is also displayed in Fig. 3b. The temperature is
the corrected onset temperature of the primary crystallization peak
upon heating (Fig. 3a). The corresponding time is the difference
between the corrected crystallization onset and the glass transition
onset divided by the heating rate. This curve fits well with the low-
temperature side of the TTT diagram upon heating, but is shifted
slightly to the right. This may be due to the fact that crystallization
during heating starts already before the peak onset. The real start
of crystallization cannot be detected in the heating curve due to its
slow initial rate during heating [49].

The CCT diagram is obtained from the corrected crystallization
onset temperature upon cooling versus the dwell time in the tem-
perature range of possible crystallization. This time is the differ-
ence between the liquidus temperature (T;q = 919 °C [5]) and
the corrected crystallization onset (Fig. 3a) divided by the cooling
rate. The CCT curve appears at slightly lower temperatures than
the extrapolation of the TTT curve in Fig. 3b (dashed blue curve
above 750 °C for the upper TTT diagram upon cooling). The sample
dwells apparently a relatively long time in the high-temperature
region, with very low probability of nucleation.

The TTT diagrams and the CHT and CCT curves are useful in un-
derstanding the isothermal and isochronal crystallization behaviors
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of AMZ4. The time to crystallization is very short and limits the
processing methods for the fabrication of bulk amorphous AMZ4.
The reason for such short times to crystallization may be related
to the relatively high amount of oxygen content in the industrial-
grade AMZ4 [6]. As mentioned earlier, the HAZ of the melt pool
in laser-based AM methods experiences reheating (not exceeding
the melting point). If the thermal history of different locations in
the HAZ is superimposed on the TTT and CHT diagrams, some lo-
cations in the HAZ are expected to intersect with the diagrams.
This signifies that those locations experience high temperatures for
a sufficient amount of time to form (nano-)crystals [10]. The dia-
grams may also explain why crystallization could not be avoided
in AMZ4 samples fabricated by casting [35] and spark plasma
sintering [37].

It is well established that crystallization in AM of metallic
glasses happens during the thermal cycles generated by the suc-
cessive addition of layers, which undergo each time locally fast
melting and solidification with varying heating and cooling rates.
Crystallization occurs in the heat-affected zones of the melt pools,
i.e. in the zones which remain solid at temperatures close to the
melting point [10]. Optimizing the laser parameters thus consists
of making sure that the heating and cooling parts of the thermal
cycles minimize crystallization. To map such processes by mea-
surements, it is important to measure or extrapolate to the re-
quired rates of temperature change. The FDSC technology makes
this possible and representative samples can be obtained by se-
lecting a proper sample size to minimize size-dependent effects.
The measured crystallization behavior of AMZ4 by FDSC also en-
ables the description of the solidification behavior at very short
time scales.

In AM technology the processing parameters can be easily
tuned to prevent a too high temperature in the melt pool and thus
to avoid an excessive increase of the part’s average temperature.
The crystallization behavior at very short time scales in regions
close to melt pool is, however, much more difficult to control and
predict. In this context, FDSC data provide critical information for
the general improvement of AM processes .

In this study, calorimetric investigations of an industrial-grade
Zr-based metallic glass (AMZ4) have been performed using FDSC.
It was shown that FDSC is a suitable characterization method to
study the crystallization behavior of metallic glasses with low ther-
mal stability. A semi-crystalline glass formed during cooling with a
rate between 800 K/s and 2500 K/s. The critical cooling and heat-
ing rates of the alloy were determined as 2500 K/s and 45,000 K/s,
respectively. This large difference indicates that a self-doped glass
(SDG) with quenched-in nuclei formed during cooling. As chemi-
cally homogeneous glasses (CHGs) do not contain quenched-in nu-
clei [40], the use of materials that form CHGs would be preferred
in AM processes. Differences in the melting temperature during
slow and fast heating and cooling, respectively, illustrate the for-
mation of two different crystalline structures. The time to the peak
of crystallization upon heating is almost one order of magnitude
shorter than upon cooling. The TTT, CHT, and CCT diagrams mea-
sured in this study reveal that AMZ4’s time to crystallization is
short and that the alloy’s thermal stability is low. This makes the
production of bulk glassy parts by methods such as casting, sinter-
ing, and laser-based additive manufacturing very challenging. Un-
derstanding the crystallization behavior of this alloy can, however,
help predicting the final structure, based on the estimated heating
and cooling rates and the time spent at high temperature induced
by the chosen processing method.
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