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• Crystallization in SLM processing of
AMZ4 is predicted using a transient nu-
cleation model based on CNT.

• The nucleation rate is shown to depend
on the heating/cooling rate of the tem-
perature cycles in SLM.

• A diminishing volume fraction is ob-
served at laser powers below 80 W, in
agreement with XRD analysis of SLM
processed AMZ4.

• The results suggest that transient nucle-
ation effects play a critical role in pro-
moting glass formation in SLM.
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The crystallization rate during selective laser melting (SLM) of bulk metallic glasses (BMG) is a critical factor in
maintaining the material's amorphous structure. To increase the understanding of the interplay between the
SLMprocess and the crystallization behavior of BMGs, a numericalmodel based on the classical nucleation theory
has been developed that accounts for the rapid temperature changes associated with SLM. The model is applied
to SLM of a Zr-based BMG and it is shown that the transient effects, accounted for by the model, reduce the nu-
cleation rate by up to 15 orders of magnitude below the steady-state nucleation rate on cooling, resulting in less
nuclei during the build process. The capability of the proposed modelling approach is demonstrated by compar-
ing the resulting crystalline volume fraction to experimentalfindings. The agreement betweenmodel predictions
and the experimental results clearly suggests that transient nucleation effects must be accounted for when con-
sidering the crystallization rate during SLM processing of BMGs.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Bulk metallic glasses (BMG) is a class of materials with remarkable
properties such as high tensile strength, raised elastic strain limit, high
hardness and resilience, improved corrosion resistance and tunable
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magnetic properties [1,2], which makes them suitable for a wide range
of engineering applications such as spring materials, pressure sensors,
precision tools and biomedical implants [1,3,4]. Fabrication of BMGs
can be achieved through cooling from the liquid state at a sufficiently
high cooling rate, typically in the order of 101− 103 Ks−1, suppressing
nucleation of crystalline phases in favor of an amorphous atomic struc-
ture [3]. The localized laser processingutilized in additivemanufacturing
(AM) by selective laser melting (SLM) enables the possibility to quickly
meltanddissipateheat fromthematerialduringprocessingandprovides
a promisingmethod to produce BMGs without geometrical restrictions
on the manufactured part [5–7]. However, issues arise as the local laser
processing leads to complex temperature histories in the fusedmaterial.
The repeated deposition of layers during the build process implies
reheating of previous layers, which can cause crystallization to occur in
theheataffectedzone(HAZ) [5,6,8,9].Ontheotherhand, localizedpartial
crystallization can be desirable, as it can promote ductility in the other-
wise intrinsicallybrittlematerial, resulting inaBMG-crystallinecompos-
ite. The improved ductility has been shown to dependon the size, shape,
distribution and volume fraction of the dispersed crystalline inclusions,
factors which in turn are the results of the thermal history experienced
by thematerial [10–13]. Accurate prediction and control of the crystalli-
zation process under the complex temperature histories involved in AM
by SLM is therefore of great interest.

Several approaches to model the crystallization process during laser
processing of BMGs have been proposed. Vora et al. [14] compared the
temperature history from a thermal finite element (FE) model of laser
processing with an experimentally determined time-temperature-
transformation(TTT)diagram.Luetal. [15]proposedasimilartechnique,
in which continuous-cooling-transformation (CCT) and continuous-
heating-transformation(CHT)diagramsweregeneratedusingempirical
relationships for the critical heating and cooling rate from differential
scanning calorimetry (DSC) measurements. In both cases, comparison
between the transformation diagramsand the thermal histories allowed
a qualitative identification of theHAZ region in thematerial, where crys-
tallization wasmost likely to occur. However, such transformation dia-
grams are only valid under the conditions at which they were obtained.
Hence, the aforementioned approaches can, therefore, not be used to
quantitatively predict the crystalline volume fraction during multiple
Fig. 1.Conventional DSC scans of AMZ4 at different temperatures (693–723K). The exothermic
fraction as a function of time. The inset shows the integration at 708 K.
heating/cooling cycles. For such predictions, it is necessary to describe
the underlying physics of the crystallization process and distinguish be-
tween the mechanisms of nucleation and growth with respect to the
temperature history experienced by thematerial.

Classical nucleation theory (CNT) is a usefulmethod tomodel nucle-
ation in various materials and processes [16–19]. Shen et al. [20]
employed CNT tomodel the crystallization process during laser process-
ing of a BMG and demonstrated the importance of treating the tempera-
ture dependence of the nucleation and growth rate seperately. This was
manifested by the observation that certain regions in thematerial expe-
rienceddifferent temperature histories and thus different degrees of nu-
cleation and growth. The HAZ was identified as the region where
significant nucleation, followed by growth, took place during reheating.
However, theyassumedthatnucleationoccuredunder steady-state con-
ditions, implyingthat thenucleation rate is constant.This isa fairapprox-
imation inmany applications but has been shown to be incorrect when
nucleation proceeds under rapid cooling or heating of the material
[13,21–25], such as in the case of SLMprocessing of metallic materials.

In the present work, wemodel the process of nucleation and growth
of crystals from the supercooled liquid state using a CNT model that ac-
counts for transient nucleation effects due to rapid temperature
changes. The model is calibrated using an experimentally determined
TTT-diagram of AMZ4, a bulk metallic glass that comprises Zr, Cu, Al
and Nb (Zr59.3Cu28.8Al10.4Nb1.5(at%)). Considering temperature varia-
tions from thermal FE simulations of a SLM process, the crystallization
across the build direction is analysed for different laser powers and
compared with experimental results. It is demonstrated that transient
nucleation effects cannot be neglected when modelling the crystalliza-
tion rate during SLM processing of BMGs.

2. Experimental procedure

Samples of AMZ4 were produced by SLM from commercially avail-
able powder using an EOS M290 [26]. The amorphous structure of the
printed samples was investigated by X-ray diffraction [27].

The crystallization of AMZ4 at different temperatures was investi-
gated using thermal analysis. Two different DSC techniques were
employed, conventional heat-flux DSC and Flash DSC. Conventional
peakswere integratedwith respect to a horizontal baseline to obtain the crystalline volume



Fig. 2. Flash DSC scans of AMZ4 at different temperatures (798–1073 K). The crystallization events are marked with (∘).
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heat-flux DSC was used to measure isothermal crystallization of the
printed samples after heating from the glassy state (693–723 K). Con-
ventional thermal analysis was conducted using a Netzsch 204F1 DSC.
The samples were placed in aluminum crucibles, which were subse-
quently sealed inside an Ar-filled glove box with water and oxygen
contents below 1 ppm. The samples were heated to the temperature
of interest at a heating rate of 100 Kmin−1 after which the tempera-
ture was kept constant. Further details about the experimental proce-
dure can be found in [27]. Fig. 1. shows the measured heat flow as a
function of time at different temperatures. In order to obtain an esti-
mate of the crystallized volume fraction as a function of time, the exo-
thermic peaks were integrated with respect to a horizontal baseline as
shown in the inset in Fig. 1. The time for 5, 50 and 100% crystallization
was evaluated and serve as the lower part of the TTT-diagram
appearing in Figs. 3 and 4.

Flash DSC was used to measure isothermal crystallization in the
supercooled liquid region (798–1073 K). The Flash DSC technique
has recently been recognised as a suitable tool to study phase trans-
formations in BMGs [13,28,29]. The thermal analysis was conducted
by Mettler Toledo using the Flash DSC2+ apparatus [30]. The sample
size requirement was b30μm, which limited the study to feedstock
powder material. The AMZ4 powder was confirmed to be amorphous
using XRD [31]. The samples of AMZ4 powder [26] were purged with
Ar for 45 min at a flow rate of 80 ml min−1 with a sample support
temperature of 233 K. The support temperature was then lowered to
193 K and the samples were heated until molten, followed by a
quench to the temperature of interest at a cooling rate of
2 ⋅ 104 Ks−1; after which the temperature was kept constant. The
cooling rate of 2 ⋅ 104 Ks−1 was sufficient to ensure that the material
had not crystallized prior to reaching the target temperature. This
was confirmed by performing cooling experiments from the molten
state to room temperature with varying cooling rates between
1 ⋅ 103 − 5 ⋅ 104 Ks−1. Fig. 2 shows the measured heat flow as a func-
tion of time. Exothermic peaks corresponding to crystallization events
are apparent at temperatures 873–1023 K, the maximum heat flow
and the corresponding time for these peaks are marked in Fig. 2.
The selection of a integration baseline could not be made with
confidence for these measurements. Instead, the time for the peak
values, marked in Fig. 2, serve as a conservative estimate of the TTT-
diagram shown in Fig. 3.

3. Classical nucleation theory

This section briefly summarizes the classical nucleation theory. In
CNT, the early stage of a phase transformation is assumed to occur by
the formation of atomic clusters of the new phase. Following Kelton
et al. [21,23,25], the change in energy required to form a cluster of n
atoms can be expressed by

ΔG nð Þ ¼ nΔG0 þ 36πð Þ1=3v2=3n2=3σ ð1Þ

where ΔG′ is the change in Gibbs energy per atom, v is the average
atomic volume and σ is the solid-liquid interfacial energy per unit area.
Here ΔG′ is negative and σ is positive, which implies that Eq. (1) is pos-
itive for small cluster sizes and reaches a maximum at a certain cluster
size, refered to as the critical cluster size n ∗, given by

n� ¼ 32πv2σ3

3 ΔG0�� ��3 ð2Þ

Clusters smaller than n ∗ are called embryos and have a higher
probability to dissolve, while clusters larger than n ∗ are called nuclei
and are likely to grow to macroscopic sizes. At the critical cluster
size, the new phase is in unstable equilibrium with the surrounding
initial phase.

The classical nucleation theory provides a theoretical description of
the rate at which clusters grow from pre- to postcritical size. It is as-
sumed that clusters of n atoms, with the configural state En, grow or
shrink by the addition or loss of a single atom; of state E1. As discussed
in [21,23,32], this leads to a series of bimolecular reactions of the form



Fig. 3. Calculated TTT-diagram at different crystalline volume fractions using theMKGMmodel (solid lines), Uhlmann's model (red dashed line) and experimentally estimated data points
fromDSCmeasurements (∘ Flash DSC, ⋄DSC) as described in section 2. Themeasurements reported byHeinrich et al. [40] have also been included for reference (□). Amagnification of the
lower temperature part is shown in Fig. 4.

4 A. Ericsson et al. / Materials and Design 195 (2020) 108958
En−1 þ E1 ⇄
k− nð Þ

kþ n−1ð Þ
En

En þ E1 ⇄
k− nþ1ð Þ

kþ nð Þ
Enþ1

ð3Þ

where k+(n) is the rate of addition of single atoms to a cluster of size n
and k−(n) is the rate of loss of single atoms from the same cluster.

In the case of nucleation in condensed matter, and as shown in
[21,23,33], the forward rate constant k+(n) and the backward rate con-
stant k−(n) can be estimated using transition state theory to provide

kþ nð Þ ¼ O nð Þγ exp −
δG nð Þ
2kBT

� �
k− nþ 1ð Þ ¼ O nð Þγ exp þ δG nð Þ

2kBT

� � ð4Þ

where O(n) is the number of possible attachment sites for a cluster of n
atoms, with O(n)≈ 4n2/3 for a spherical cluster, δG(n) is the energy dif-
ference between a cluster of n + 1 and n atoms, i.e. δG(n) = ΔG
(n + 1) − ΔG(n), kB is the Boltzmann constant and T is the absolute
temperature. The parameter γ is an atomic jump frequency at the clus-
ter interface, often assumed to be the same as the jump frequency
governing bulk diffusion in the parent phase, i.e.

γ ¼ 6D

λ2 ð5Þ

where D is an effective diffusivity and λ is the jump distance [25].
Based on the kinetic model in Eq. (3) the evolution of the time de-

pendent cluster size distribution N(n, t), representing the number of
clusters per unit volume of size n at time t, can be described by a set
of coupled differential equations
∂N n; tð Þ
∂t

¼ N n−1; tð Þkþ n−1ð Þ−N n; tð Þ kþ nð Þ þ k− nð Þ� �
þN nþ 1; tð Þk− nþ 1ð Þ

ð6Þ

which can be written in terms of the nucleation rates of cluster sizes
n − 1 and n, expressed as

∂N n; tð Þ
∂t

¼ I n−1; tð Þ−I n; tð Þ ð7Þ

where the time dependent and size-dependent nucleation rate I(n, t)
(number of clusters per unit volume and time), is defined as

I n; tð Þ ¼ N n; tð Þkþ nð Þ−N nþ 1ð Þk− nþ 1ð Þ ð8Þ

The nucleation rate is often treated as a time-independent quantity,
which implies that a convenient analytical expression of the steady-
state nucleation rate can be derived fromEq. (8). This approach is briefly
discussed in the succeeding section.
3.1. Steady-state nucleation

Numerical solutions of the differential equations in Eq. (6), assum-
ing isothermal conditions, have shown that the cluster size distribu-
tion evolves in time until it eventually approaches a steady-state
distribution [21]. The nucleation rate provided by Eq. (8) then be-
comes independent of the cluster size and time, i.e. I(n,t) = Ist = con-
stant. A well-known expression for the steady-state nucleation rate
was analytically derived from Eq. (8) in [32,34] and is usually
expressed as

Ist ¼ Zkþ n�ð ÞNeq n�ð Þ ð9Þ

where Z is the Zeldovich factor, k+(n ∗) is the forward rate constant eval-
uated at the critical cluster size and Neq(n ∗) is the equilibrium cluster
size distribution also evaluated at the critical size. The Zeldovich factor
is given by



⋯ 0
⋯ 0
⋯ 0
⋱ k− ~vð Þ

kþ ~v−1ð Þ − k− ~vð Þ þ kþ ~vð Þ	 


37777775
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Z ¼ j ΔG0 j
6πkBTn�

� �1=2

ð10Þ

and the equilibrium cluster size distribution is expressed as

Neq nð Þ ¼ N0 exp −
ΔG nð Þ
kBT

� �
ð11Þ

where N0 is the initial number of atoms per unit volume in the system
[25,32,34].

By making use of the steady-state nucleation rate Ist, the associated
steady-state cluster size distribution Nst can be evaluated from Eq. (8),
to obtain [21,25].

Nst nð Þ ¼ Neq nð ÞIst
X~v
m¼n

1
Neq mð Þkþ mð Þ ð12Þ

whereev is an upper cluster size limit, which has to be chosen such that
ΔGevð Þ is at least kBT lower than the energy at the critical cluster size, ΔG
(n ∗). At cluster sizes larger thanev it is assumed that Nst(n) = 0.

The analytical expression of the steady-state nucleation rate in
Eq. (9) has been formulated to account for the transient time until
steady-state conditions are obtained. Although several analytical solu-
tions exist, the most frequently used form, discussed in [21,25], is
expressed as

I tð Þ ¼ Ist exp −
τ
t

� �
ð13Þ

where τ is a characteristic relaxation time, related to the time it takes for
clusters to grow through the critical region around n ∗. It is important to
note that Eq. (13) is derived for isothermal conditions and that the re-
laxation time τ is strongly dependent on the initial cluster size distribu-
tion [21]. Hence, application of Eq. (13) to nonisothermal conditions is
difficult as it might lead to involved expressions for the relaxation time
τ. As an alternative, numerical models of nucleation offer greater flexi-
bility since they can be applied to model transient nucleation under
nonisothermal temperature histories. This approach is discussed in the
next section.

4. Numerical treatment of transient nucleation

To facilitate the numerical treatment, the coupled differential equa-
tions in Eq. (6) can be written in matrix form as

dN
dt

¼ KN ð14Þ

where N is the time dependent cluster size distribution, appearing as

N ¼

N ~u; tð Þ
N ~uþ 1; tð Þ

⋮
N ~v; tð Þ

266664
377775 ð15Þ

and K is a tridiagonal matrix containing the rate-constants k+(n) and
k−(n), on the form [21].

K ¼

−kþ ~uð Þ k− ~uþ 1ð Þ 0
kþ ~uð Þ − k− ~uþ 1ð Þ þ kþ ~uþ 1ð Þ	 


k− ~uþ 2ð Þ
0 kþ ~uþ 1ð Þ − k− ~uþ 2ð Þ þ kþ ~uþ 2ð Þ	 

⋮ ⋮ ⋮
0 0 0

26666664
ð16Þ
whereeu is a lower cluster size limit that has to be chosen under the
same conditions asev, as discussed in relation to Eq. (12).

When solving Eq. (14), boundary conditions have been introduced
at the upper and lower cluster size limits. At the lower limit, clusters
of sizeeu can not dissolve into smaller clusters since k− euð Þ has been as-
sumed to be zero in the first entry of the diagonal in K. At the upper
limit, clusters larger thanev are assumed to have a zero probability of dis-
solving and will continue to grow to macroscopic sizes. This is reflected
by the fact that k− evþ 1ð Þ has been omitted from the matrix K in
Eq. (16).

The exponential factor in the rate constants in Eq. (4), implies that
the set of ordinary differential equations (ODEs) in Eq. (14) are stiff. Al-
though explicit/implicit Euler or Runge-Kutta time-stepping algorithms
can be used, they lead to either inefficiently short timesteps or reduced
accuracy, especially if K varies with respect to time. To adress these is-
sues, a variable order solver is adopted, designed to handle stiff differen-
tial equations such as those in Eq. (14). The model is implemented in
Matlab and the system of equations are solved in time using the
ode15s solver from the Matlab ODE suite [35]. In each simulation, the
upper and lower cluster size limits are chosen as eu ¼ 1 andev ¼ 1:5⋅neval, respectively, where neval is the cluster size for evaluation
of the nucleation rate. This value is chosen to be reval = rTmax

∗ + 0.5
(kBTmax/πσ)1/2 where rTmax

∗ is the critical cluster size, written in terms
of its radius, evaluated at the maximum temperature of the simulation,
Tmax. Note that the cluster size in terms of number of atoms or radius are
related by n ¼ 4πr3=3v at any given cluster size. These choices ensure
that the conditions foreu andev, as discussed in relation to Eq. (12), are
fulfilled and that the nucleation rate is always evaluated at cluster
sizes larger than the critical cluster size at each temperature.

The nucleation rate is evaluated using Eq. (8) and the number of nu-
clei formed per unit volume is calculated by integration of the nucle-
ation rate with respect to time, i.e. by numerical evaluation of

N̂i tð Þ ¼
Z t

0
Ii neval; t

0ð Þdt0 ð17Þ

At the end of each time interval i, the number of nuclei formed dur-
ing the timestep is stored in an array and the radius of nuclei from pre-
vious timesteps are updated using a Langrange-like approach [36] that
provides

r t þ Δtð Þ ¼ r tð Þ þ u rð ÞΔt ð18Þ

where Δt is the timestep and u(r) is the size-dependent growth rate,
taken as

u rð Þ ¼ 16D

λ2

3v
4π

� �1=3

sinh
v

2kBT
ΔGv−

2σ
r

� �� �
ð19Þ

which implies that the growth is assumed to be of polymorphic nature.
Further discussions on Eq. (19) can be found in [18,22].

The crystallized volume fraction as a function of time, x(t), is evalu-
ated using the Johnson-Mehl-Avrami-Kolmogrov (JMAK) equation
[23,37–39], generally expressed as
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x tð Þ ¼ 1− exp −
4π
3

Z t

0
I τð Þ

Z t

τ
u r t0ð Þð Þdt0

� �3
dτ

 !
ð20Þ

that can be rewritten into the discrete form

x tð Þ ¼ 1− exp −
4π
3

Xm
i¼1

N̂i tð Þri tð Þ3
 !

ð21Þ

where ri(t) is the time dependent radius of each nuclei formed during
timestep i andbNi tð Þ is the number density of such nuclei. These quanti-
ties can be obtained from Eqs. (17) and (18).

In a similar fashion, the average nucleus size as a function of time r tð Þ
can be evaluated using the following expression [36].

r tð Þ ¼
Pm

i N̂i tð Þri tð ÞPm
i N̂i tð Þ

ð22Þ

which takes into account the existence of different numbers of nuclei of
different sizes and average their combined size with respect to the total
number of nuclei formed.

5. Properties of AMZ4

This section discusses the material properties used to adapt the
model to AMZ4. Models and experimental data of the necessary ther-
modynamic and kinetic parameters are presented.

5.1. Gibbs energy

The heat capacity of the liquid and crystalline states of AMZ4 as func-
tions of temperature have been measured and fitted to the
Kubaschewski equations byHeinrich et al. [40]. Integration of the differ-
ence in heat capacity with respect to temperature yields an expression
for the change in Gibbs energy from the undercooled liquid to the crys-
talline state per unit mole on the form

ΔGm Tð Þ ¼ ΔHm Tð Þ−TΔSm Tð Þ ð23Þ

where ΔHm(T) and ΔSm(T) are the enthalpy and entropy per unit mole,
respectively. These quantities can be expressed as

ΔHm Tð Þ ¼ ΔHf−
a−c
2

T2
m−T2

� �
þ b T−1

m −T−1
� �

þ d
3

T3
m−T3

� �
ΔSm Tð Þ ¼ ΔSf− a−cð Þ Tm−Tð Þ þ b

2
T−2
m −T−2

� �
þ d
2

T2
m−T2

� � ð24Þ

where Tm is the melting temperature, ΔHf and ΔSf = ΔHf/Tm are the en-
thalpy and entropy of fusion, respectively, andwhere a, b, c and d are the
fitting parameters in the Kubaschewski equations. The parameters are
summarized in Table 1. Dividing Eq. (23) by Avogadros constant, NA,
yields the change in Gibbs energy per atom

ΔG0 Tð Þ ¼ −
ΔGm Tð Þ

NA
ð25Þ

where the minus sign has been introduced since ΔGm(T) N 0.
Table 1
Thermodynamic parameters related to the expressions for the
Gibbs energy, presented in Eq. (24). The parameters are obtained
from [40].

Tm 1203 K
ΔHf 8.578 ⋅ 103 Jmol−1

ΔSf 7.131 Jmol−1K−1

a 5.224 ⋅ 10−4 Jmol−1K−2

b 1.031 ⋅ 107 JKmol−1

c 6.230 ⋅ 10−3 Jmol−1K−2

d −6.047 ⋅ 10−7 Jmol−1K−3
5.2. Diffusivity

The effective diffusivity D, appearing in Eq. (5), is estimated using
the Stokes-Einstein relationship, providing

D ¼ kBT
3πλη

ð26Þ

where η is the viscosity of the liquid [41,42]. This relationship has been
shown to break down in the supercooled liquid regime for several glass
forming alloys, including alloys in the Cu-Zr system. Instead, a
powerlaw relationship,D ∝ η−ξ, shows better agreementwithmeasure-
ments [43–45]. However, obtaining the decoupling exponent, ξ, re-
quires measurements of both the activation energy for diffusion and
the viscosity of the liquid as a function of temperature, whereof the for-
mer has not been measured for AMZ4, at least to the author's knowl-
edge. Thus the Stokes-Einstein relationship in Eq. (26) is tentatively
adopted in the present work.

The viscosity of the liquid has beenmeasured for AMZ4 by Hembree
[46], above the melting temperature but also in the vicinity of the glass
transition temperature.Measurements in the intermediate temperature
range were deemed inaccessible. The lower and upper temperature
measurements were fitted using two independent Vogel-Fulcher-
Tamman (VFT) expressions, one for the high temperature data and
one for the low temperature data. A single fit for the full temperature
range was not possible using the VFT relationship. Several other empir-
ical expressions have been proposed as alternatives to the VFT equation.
One of the more recent being the Blodgett-Egami-Nussinov-Kelton
(BENK) expression [47], which have been shown to provide a good fit
for both the upper and lower temperature range, using only one fitting
parameter. The BENK equation can be expressed as [47].

η ¼ η0 exp
E Tð Þ
T

� �
E Tð Þ ¼ E∞ þ TA qTrð ÞzΘ TA−Tð Þ

ð27Þ

where q=4.536 and z=2.889 are universal fitting constants, indepen-
dent of alloy composition, Tr = (TA − T)/TA is a reduced temperature,
Θ(⋅) is the Heaviside step function and E∞ is a fitting parameter for the
activation energy, approximated using the universal scaling tempera-
ture TA by E∞ = 6.466TA. The universal scaling temperature has been
demonstrated to be proportional to the glass transition temperature Tg
by TA ≈ 2.02Tg, where the glass transition temperature is estimated to
be Tg = 667 K for the present material [46]. Thus the only remaining
parameter is the high temperature viscosity constant η0, obtained by
fitting Eq. (27) to the data provided by Hembree [46], resulting in
η0 = 4.72 ⋅ 10−5 Pas.

5.3. Interfacial energy

Several models have been proposed for the solid-liquid interfacial
energy, σ, a quantity that is difficult to determine experimentally. Con-
sequently, it is also difficult to validate the results from thedifferent pro-
posed models for σ. It is, however, widely accepted that the solid-liquid
interfacial energy possess a strong dependence on both temperature
and structure [48–50]. A recent study, based on atomistic simulations,
has revealed an unusual temperature dependence of the solid-liquid in-
terfacial energy in the Cu-Zr system [51]. The results indicate that the
value of the interfacial energy increases as the temperature is decreased
below the melting point. A similar prediction is obtained using the
phenomelogical model by [52], here denoted as the Mondal-Kumar-
Gupta-Murty (MKGM) model. The model assumes a hard sphere
approximation of the nucleus and a surrounding monolayer as the in-
terfacial region. The monolayer is assumed to possess a similar atomic
packing as that of the crystalline nucleus but lacking a crystalline ar-
rangement of atoms. Themodel can be reduced to the following analyt-
ical expression [52].
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σ Tð Þ ¼ P
ρλ

3ΔGv Tð Þ
32π

ΔGm
d Tð Þ−ΔGL

d Tð Þ
� �� �1=2

ð28Þ

where ΔGv(T) = − ΔGm(T)/Vm is the change in Gibbs energy per unit
volume, Vm is themolar volume,ΔGd

m(T) is the activation energy for dif-
fusion in the monolayer, ΔGd

L(T) is the activation energy for diffusion in
the liquid. Further, ρ, P are the planar atomic density and packing factor
of the crystal, respectively. The activation energy for liquid diffusion is
calculated using Eq. (26) by assuming anArrhenius temperature depen-
dence of the diffusivity, i.e. ΔGd

L(T) = kBT ln (3πvλ3η(T)/kBT), where v is
the atomic vibration frequency ~1013. In a similarmanner, the activation
energy for diffusion in the monolayer is estimated using ΔGd

m

(T)= kBT ln (3πvλ3ηTg/kBTg), i.e. the atomicmovement in themonolayer
is assumed to be similar to that of the amorphous phase. The parame-
ters, ηTg and α= P/ρ, are taken as calibration parameters in the present
work, and are found using DSC measurements on AMZ4 as further
discussed in Section 6.

Another, more common, estimation of the interfacial energy is found
by Uhlmann's model [53].

σ ¼ 0:495
ΔHf

Vm

� �2=3

kBTmð Þ1=3 ð29Þ

which assumes that the interfacial energy is temperature independent.
Combination of Eq. (29) with CNT has been reported to show a quanti-
tative agreement with experimentally measured steady-state nucle-
ation rates in glass forming systems [18]. Uhlmann's model is
therefore selected as a reference model for comparison with the tem-
perature dependent MKGM model, provided by Eq. (28).

5.4. Atomic parameters

The atomic parameters, λ, v, N0 and Vm are evaluated using the peri-
odic table and data provided by thematerial supplier. Themolar volume
is calculated using Vm=M/ρm=11.54 cm3mol−1, whereM and ρm are
the molar mass and density of the alloy, respectively. The average
Fig. 4. A magnified image of the lower temperature region, indicated in Fig. 3, showing the ag
model (solid lines) and the DSC measurements (⋄) at different crystalline volume fractions
dashed line).
atomic volume is estimated using v ¼ Vm=NA ¼ 19:16A3, which pro-
vides an average of the bulk volume per unit atom. Using the average
atomic volume, the initial number density of atoms is evaluated using

N0 ¼ 1=v ¼ 5:220⋅1028 m−3. Finally, the average atomic jump distance

is estimated to be λ ¼ 2r ¼ 3:320A, where r ¼ 3v= 4πð Þð Þ1=3 is the aver-
age atomic radius, estimated by assuming a spherical shape for the av-
erage atomic volume. These estimations provided an atomic jump
distance of reasonable magnitude, comparable to reported values of
other Zr-based BMGs [54,55].

6. Model calibration

Using JMAK theory, the parameters ηTg
and α = P/ρ in Eq. (28) are

calibrated by fitting the model to the TTT-diagram obtained from the
experiments described in section 2. A steady-state nucleation and
growth rate is assumed for the calibration. Under these conditions, the
crystallized volume fraction x(t), given by Eq. (20), may be written as

x tð Þ ¼ 1− exp −
πIstu3

maxt
4

3

� �
ð30Þ

where Ist is the steady-state nucleation rate given by Eq. (9) and umax is
the maximum growth rate. Eq. (30) can be used to calculate the time t
(x) it takes to crystallize a certain volume fraction x by rewriting
Eq. (30) as

t xð Þ ¼ −
3

πIstu3
max

ln 1−xð Þ
" #1=4

ð31Þ

Themaximum growth rate is obtained by taking Eq. (19) to the infi-
nite limit, which yields the following expression for the maximum
growth rate

umax ¼ 16D

λ2

3v
4π

� �1=3

sinh
vΔGv

2kBT

� �
ð32Þ
reement between the calculated TTT-diagram using the temperature dependent MKGM
. The calculated TTT-diagram using Uhlmann's model is also included as reference (red
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The calculated TTT-diagram based on the temperature dependent
MKGM model for the interfacial energy, cf. Eq. (28), is shown in Fig. 3
for different crystalline fractions, x(t), together with the DSC measure-
ments (∘ Flash DSC, ⋄ DSC). The measurements reported by Heinrich
et al. [40] have also been included for reference (□). A magnified plot
of the lower temperature region is shown in Fig. 4. The agreement be-
tween the experimental data and the calculated TTT-diagram is good,
especially at lower and intermediate temperatureswhere the calculated
TTT-diagram coincides with the data from the experiments. For com-
parison, a calculated TTT-diagram, based on Uhlmann's model for the
interfacial energy, cf. Eq. (29), has also been included in Figs. 3 and 4
(red dashed line). The diagram using Uhlmann's model agrees fairly
well with the experiments at lower temperatures, especially consider-
ing that no parameters have been adjusted to fit the experimental
data points. Comparing the two models, it is clear that the temperature
dependent MKGMmodel provides a much closer resemblance with the
measurements than Uhlmann'smodel. Not only is the diagram showing
a better agreement with both the upper and lower temperature mea-
surements, but the nose of the diagram coincides exactly with the
Flash DSC measurements.

The calculated interfacial energies obtained from the calibrated
MKGM model, Eq. (28), and from Uhlmann's model, Eq. (29), are
shown in Fig. 5. The calibrated values of the MKGM model are ηTg =
1.5 ⋅ 1016 Pas and α = P/ρ = 1.28, respectively. The value of α = 1.28
is comparable to calculated values for fcc Al of different atomic planes,
i.e. α(111)

Al = 0.82, α(100)
Al = 0.94 and α(110)

Al = 1.33, cf. [52], and thus of
reasonable magnitude. The calibrated value of ηTg = 1.5 ⋅ 1016 Pas cor-
responds to the viscosity of the amorphous phase at room temperature,
which in terms of theMKGMmodel translates into a high activation en-
ergy for diffusion in themonolayer. Considering thatmetallic glasses are
known for their resistance to crystallization, it is quite expected that
both of these parameters would obtain rather high values from the cal-
ibration as they increase the value of the interfacial energy.

It is important to remark that the actual crystallization process is
likely to be much more complex than what is captured by the model.
AMZ4 is an industrial grade alloy, made from a pre-alloy of Zr-Nb con-
taining a high amount of impurities with a content of O up to
10300 ppm, H of up to 4540 ppm, N up to 1630 ppm, C up to
Fig. 5. Interfacial energy as a function of temperature. The temperature-dependent MKGMmo
expression in Eq. (29) (red dashed line).
3810 ppm aswell as Fe and Cr up to 3280 ppm [40,56,57]. Especially ox-
ygen is known to deteriorate the glass forming ability of Zr-based
glasses [57–59], causing the glass to initially crystallize as oxygen-
induced compounds, which act as heterogeneous nucleation sites for
further crystallization [57,58,60]. Hence, it is likely that heterogeneous
nucleation has, to some extent, occured in the specimen. This phenom-
ena is not accounted for in the present model. Another discrepancy is
the observation that Zr-Cu-Al based bulk metallic glasses often crystal-
lize into intermetallic compounds of different composition than the par-
ent phase, e.g. Zr2(Al,Cu) [11,61–63]. Compositional differences
between the matrix and the nuclei have been shown to alter the nucle-
ation barrier and growth behavior of the nucleus significantly [64]. Al-
though none of these effects have been included in the present model,
it is striking howwell the calibrated TTT-diagram agree with the exper-
imental data, emphasizing a dominant temperature dependence of the
interfacial energy.

7. Simulations of transient nucleation

The transient nucleationmodel described in Section 4 is employed in
simulations of nucleation during non-isothermal phase transforma-
tions. First, the case of an initial liquid subjected to quenching at a con-
stant cooling rate is presented. Different cooling rates are studied and
the conditions under which transient nucleation becomes important
for the present material is investigated. Second, simulations of nucle-
ation during AM is presented, in which temperature histories obtained
from thermal FE simulations of SLM is used asmodel input. SLMprocess
parameters of AMZ4 as presented in [31] are adopted and the crystalli-
zation across the build direction is analysed and compared with exper-
imental results from the XRD, DSC and scanning electron microscope
(SEM) analyses in [31]. For both of the investigated scenarios, the results
from the transient simulations are compared with results considering
steady-state nucleation rates using Eq. (9).

7.1. Linear quenching

Fig. 6 shows the computed nucleation rates from quenching simula-
tions at different constant cooling rates using the transient model. The
del given by Eq. (28) (blue solid line) and the constant value evaluated using Uhlmann's



Fig. 6. Nucleation rate as a function of temperature for different cooling rates (Ks−1). Increasing the cooling rate results in a slower nucleation rate and a shift in the maximum value to
higher temperatures as indicated by the black arrow.
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steady-state nucleation rate, computed using Eq. (9), has been included
as reference. The transient simulation is initiated at T = 1100 K by as-
suming an initial steady-state cluster size distribution given by
Eq. (12). The initial liquid is quenched to T = 600 K at the chosen
cooling rate and the transient nucleation rate is computed using
Eq. (8). The temperature dependent interfacial energy given by
Eq. (28) has been used in the simulations. In Fig. 6 it is shown that the
quench introduces transient effects, which impairs the evolution of
the cluster size distribution and prohibits it from developing into a
steady-state distribution at each temperature. As a consequence, the
nucleation rate becomes several orders of magnitude lower than the
Fig. 7. The number of nuclei formed as a function of temperature at different cooling rates (Ks−

in nuclei formation is observed at higher cooling rates.
steady-state nucleation rate, especially at lower temperatures. The tran-
sient effects become more significant at higher cooling rates, not only
decreasing the nucleation rate but also causing a shift of the peak
value to higher temperatures.

The number of nuclei computed using Eq. (17) is presented in Fig. 7.
The results show that transient nucleation cannot be ignored when the
material is subjected to high cooling rates. This is manifested by the
large difference in the number of nuclei produced at the end of the sim-
ulation. In the case of steady-state nucleation, the number of nuclei
reaches 8 ⋅ 1020 m−3 while in the case of transient nucleation at quench
rates of 102 Ks−1 and 107 Ks−1 it becomes 8 ⋅ 1018 m−3 and
1). The numbers correspond to the nucleation rate shown in Fig. 6. A considerable decrease



Fig. 8. (a) The temperature distribution in oC at the instant when the laser passes the cross section of the data extraction points. The laser power is 105W. Each layer is numbered from 1st
to 6th counting from the top surface. The data extraction points in the build direction are shown as black dots along the white lines, A: centerline, B: half hatch distance. (b) A schematic
illustration of theX-Y remelting scan strategy. The arrows and dashed lines illustrate the centerline and hatchdistanceof the laser scansduring the deposition (red) and remelting (blue) of
a layer. The intersections correspond to the scanning scenarios A-A, B-B and A-B.
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3 ⋅ 108 m−3, respectively. This means a difference of two and 12 orders
of magnitude, respectively, in comparison with the case of steady-state
nucleation.

7.2. Additive manufacturing

FE simulations of the transient thermal field during SLM process-
ing of AMZ4 are considered. A detailed description of the FE model
is presented in [9,65]. A scanning speed of 2000 mms−1, a hatching
distance of 100 μm and a layer thickness of 20 μm as proposed by
Marattukalam et al. [31] for SLM processing of AMZ4 are utilized.
The FE model is used to simulate the build of one layer on a AMZ4
Fig. 9. Temperature in each layer as a function of time as obtained from the thermal simulation u
in Fig. 8(a). The peaks numbered 1, 2, 4 and 5 corresponds to heating caused by previous and
extraction point. The melting temperature Tm is indicated by the horizontal dashed line.
substrate using four different laser powers: 75, 85, 95 and 105 W.
The temperature profile is extracted within each layer across the
build direction and is used to construct artificial temperature histo-
ries for the CNT models. The artificial temperature history is con-
structed by adding the temperature profile from each layer in a
consecutive order starting from the top surface. The method is a
valid representation, provided that the time between each layer de-
position is long enough, which in the present case is 10 s based on
measurements of the temperature in the build plate. The results
from the thermal FE simulations and the measurements indicate
that 10 s is sufficient for the heat accumulation to be negligible dur-
ing the build process. To reproduce the X-Y remelting scan strategy
sing a laser power of 105W. The temperature is extracted from the black dots along line A
subsequent laser scans, while peak number 3 correspond to the laser crossing the data



Fig. 10. Temperature history for scenario A-A using a laser power of 105W. The data is created using the temperature history experienced by each layer (Fig. 9) and has been cut as the
temperature drops below a threshold value of T = 560 K. The melting temperature Tm is indicated by the horizontal dashed line.
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employed in [31], in which each layer is remelted once, the temper-
ature history in each layer is duplicated depending on the scanning
sequence. The remelting scan strategy is employed in the SLM pro-
cess to increase the chemical homogeneity and to reduce the poros-
ity of the printed part [5]. The constructed temperature histories are
a representative for the complete temperature history experienced
by a single layer and includes the effect of multiple scans and layer
depositions.

Fig. 8(a) illustrates the temperature distribution in a cross sec-
tion of the build using a laser power of 105 W. The temperature
Fig. 11. Computed ratio of the transient nucleation rate to the steady-state nucleation rate as a
105 W simulation. The results from the quenching simulations using a cooling rate of 105 Ks−
distribution is shown at the instant when the laser passes through
the cross section and the grey region marks the region where
T N Tm, i.e. the cross section of the melt pool. The temperature is
extracted as a function of time across the build direction at the
centre of and at half the hatch distance from the melt pool as in-
dicated by the white lines A and B in Fig. 8. The data extracted
from the black dots along line A is presented in Fig. 9 and is
used to construct the artifical temperature history caused by mul-
tiple layer depositions seen in Fig. 10. The same procedure is used
to create temperature histories for three different scenarios of the
function of temperature for scenario A-A. The temperature data in Fig. 10 is used for the
1 and 106 Ks−1 in Section 7.1 are included for reference.



Fig. 12. Crystalline volume fraction across the layer thickness for scenario A-A.

Fig. 13. SEM image of AMZ4 processed by SLMusing a laser power of 75W [31]. A partially
crystalline HAZ can be observed close to the borders of themelt pools indicated by the red
lines. The build direction is in the out-of-plane direction.
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X-Y remelting scan strategy illustrated in Fig. 8(b): A-A corre-
sponding to the situation presented in Fig. 10, where the
remelting scan passes the centerline A twice at the same relative
position as the first scan; B-B is the same scanning procedure
but instead across line B, located at half the hatch distance. Sce-
nario B-B is of interest since the zone is subjected to the multipass
effect [66]. The last scenario A-B, is the scanning scenario where
the first scan passes line A and the second scan passes line B,
which occurs since the remelting scan is rotated 90∘ relative the
deposition scan. These temperature histories are used as
input to the CNT model in which the simulations are initiated
with a steady-state cluster size distribution equivalent to that at
T = 1166 K.

The computed ratio of the transient nucleation rate to the steady-
state nucleation rate of a location experiencing reheating in immediate
proximity to the melt pool is presented in Fig. 11 for scenario A-A. Sim-
ilar curves were obtained for scenarios B-B and A-B. The difference be-
tween the computed steady-state and transient nucleation rate is
significant. At lower temperatures the transient nucleation rate is up
to 15 orders of magnitude lower than the steady-state rate, which is a
result from the quenched-in cluster size distribution caused by the
high cooling rate. The deviation from the steady-state distribution dur-
ing cooling seems to appear around T ≈ 890 K depending on the laser
power. The deviation is comparable to the results from Section 7.1 and
seems to be equivalent to a cooling rate on the order of
105 − 106 Ks−1, which is reasonable considering that the average
cooling rate of the temperature input is 5.9 ⋅ 105 Ks−1 for 75 W and
3.9 ⋅ 105 Ks−1 for 105 W, respectively. On heating, the quenched-in
cluster size distribution is maintained and does not evolve into a
steady-state cluster size distribution at increasing temperatures. This
is evident from the overshoot in the nucleation rate shown at elevated
temperatures in Fig. 11. The results from the simulations clearly suggest
that the nucleation rate is time dependent in the AM processing of
AMZ4 by SLM.

The computed crystalline volume fraction across the layer thickness,
obtained when using different laser powers for scenario A-A, is pre-
sented in Fig. 12. The crystalline volume fraction is highest at the loca-
tion experiencing reheating in immediate proximity to the melt pool
and gradually decreaseswith increasing depth, demonstrating a distinct
HAZ. The HAZ is significantly wider and has a higher fraction of crystals
in the case of the steady-state nucleation model, suggesting that fully
crystallized regions should be present in the as-built material for laser
powers between 75 and 105 W. This is in contrast to the transient nu-
cleation model, which predicts a partially crystalline HAZ in which the
volume fraction increases with increasing laser power. The prediction
of a partial crystalline HAZ is in agreement with SEM analysis of AMZ4
processed by SLM [31]. The SEM images reveal crystals embedded in
an amorphous matrix as seen in Fig. 13. The crystals were clustered in
regions, forming banded HAZ regions of a few μm in characteristic
width. The size of the crystals were estimated to be 0.05 to 0.40 μm,



Fig. 14. The maximum crystalline volume fraction as a function of laser power for the different remelting scenarios (A-A, B-B, A-B), obtained using the transient model, compared to
experimental data from [31].
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which is smaller but comparable to the calculatedmean radius based on
the transient simulations between 0.03 and 1.64 μm, depending on
laser power and scanning scenario. Observations of partially crystalline
HAZ regions have also been made in other studies involving laser pro-
cessing of Zr-based BMGs [5,15,20,67]. In the study by Li et al. [5], SLM
processing of a Zr52.2Ti5Cu17.9Ni14.6Al10 (at%) BMG resulted in amor-
phous or partial crystalline samples using laser energy densities below
27 Jmm−3 (calculated as Ep ¼ P

Vht where P is the laser power, h is the
Fig. 15. Crystalline volume fraction as a function of time for scenario A-A using different laser p
second consecutive layer, as a result of the temperature peaks presented in Fig. 16.
hatching distance, t is the layer thickness, V is the laser scan speed).
The observation is in agreement with the results from the present
study, in which the laser powers between 75 and 105 W correspond
to laser energy densities between 18.75 and 26.25 Jmm−3.

The crystalline volume fraction of AMZ4 manufactured by SLM
has been estimated using XRD and DSC by Marattukalam et al.
[31]. Cylindrical samples were manufactured with laser powers
raging from 55 W to 105 W in steps of 5 W. The laser spot
owers. The major crystallization events occur during the deposition and remelting of the



Fig. 16.Comparison of the thermal peaks caused by the second consecutive layer addition in scenario A-A for different laser powers. The dashed linemarks the peak growth rate. The faded
zone illustrates the temperature range of the peak transient nucleation rate.
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diameter (40 μm), the scan speed (2000 mms−1), hatch spacing
(100 μm), layer thickness (20 μm) and X-Y remelting scan strat-
egy were kept constant for these samples. For laser powers at
and below 80 W, the diffraction patterns of the printed samples
closely resembled those of the amorphous powder, while crystal-
line diffraction peaks were present at laser powers above 80 W.
The computed crystalline volume fraction from the experimental
analysis is presented together with the results from the transient
simulations in Fig. 14. The calculated volume fraction based on
the transient simulations are of comparable magnitude to those
obtained from the experimental analysis and follow the same
trend with respect to the applied laser power. A diminishing vol-
ume fraction is observed at laser powers below 80 W for all sce-
narios A-A, B-B and A-B, which is in agreement with the results
from the XRD analysis. A comparison with the results from the
steady-state nucleation model shown in Fig. 12, suggest that the
transient nucleation model provides a better prediction of the
crystallinity resulting from the SLM process than the steady-state
model.

The diminishing volume fraction at lower laser powers can be ex-
plained by examining the volume fraction as a function of time as
shown in Fig. 15. Independent of the applied laser power, the major
crystallization events occurs when the laser reheats the material due
to the deposition and remelting of the second consecutive layer (labeled
“3rd layer” in Figs. 8(a) and 9). An increase is observed at all laser pow-
ers but with varying increase in volume fraction. The increase in volume
fraction is directly related to the time the material is exposed to critical
temperatures where the nucleation and growth rate is higher. The tem-
perature peak of the second consecutive layer deposition for scenario A-
A is shown in Fig. 16 for different laser powers. At a decreasing laser
power, the cooling rate becomes higher and the material is exposed to
higher nucleation and growth rates for a shorter duration, hence
resulting in less crystallization as shown in Fig. 15.

8. Conclusions

A numerical model of transient nucleation, based on CNT, is
established and employed to study transient nucleation effects
during SLM processing of a Zr-based BMG. The model is calibrated
using JMAK theory against an experimentally obtained TTT-
diagram from DSC measurements performed on AMZ4 bulk metal-
lic glass (Zr59.3Cu28.8Al10.4Nb1.5 (at%)). The following observations
are made:

• Model calibration using the temperature dependent expres-
sion of the interfacial energy proposed by Mondal et al. [52],
provides a good agreement with the experimentally obtained
TTT-diagram. The convincing agreement is a direct consequence
of removing any assumption of a temperature independent inter-
facial energy.

• Time dependent simulations of nucleation and growth are per-
formed by adopting the temperature histories from a thermal finite
element simulation of selective laser melting of AMZ4 as model input.
The numerical simulations show that the high heating and cooling
rates in the SLM process induce transient nucleation effects, which
shift the value of the nucleation rate by up to 15 orders of magnitude
below the steady-state nucleation rate on cooling and up to seven or-
ders of magnitude above the steady-state nucleation rate on heating.
The large difference in the nucleation rate clearly indicates that the
steady-state assumption of nucleation does not hold for AMZ4 under
SLM processing conditions.

• Evaluation of the crystalline volume fraction across the layer
thickness using the transient model reveals a partially crystallized
HAZ with varying crystalline volume fraction. The crystalline volume
fraction is highest at the location experiencing reheating in immediate
proximity to the melt pool.

• The calculated crystalline volume fraction in the HAZ region is
presented as function of applied laser power. As expected, the volume
fraction decreases with decreasing laser power. The model predicts a
diminishing crystalline volume fraction at laser powers below 80 W,
which has been confirmed experimentally through XRD analysis. The
crystalline volume fractions calculated based on the transient model
are in agreement with experimentally determined volume fractions in
SLM-processed AMZ4.

These findings, alongwith the proposedmodelling strategy, provide
tools that can be used to further develop techniques and processing
conditions for SLM processing of AMZ4.
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