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Abstract

In fusion-based metal additive manufacturing (MAM), the high-intensity energy input leads to
serious evaporation, but how evaporation induces composition evolution and variation and fur-
ther impacts microstructure and mechanical properties remain as a knowledge gap. Here we
developed a model integrating composition evolution with molten pool dynamics to reproduce
temperature- and composition-dependent evaporative losses and subsequent transport during laser
melting. Together with comprehensive experimental characterizations and tests, our simulation
results illustrate varying evaporation rates of different elements altering compositions, resulting in
a 3D cirrus-shaped concentration distribution, which significantly impacts the mechanical prop-
erties. Our simulations reproduce the detailed composition evolution from surface evaporation to
molten pool transport, and reveal underlying mechanisms relating composition, temperature, fluid
flow, and cracking, which is challenging to observe experimentally. This study elucidates the criti-
cal role of evaporation-induced composition evolution in determining microstructure and mechan-
ical properties. In future alloy design for MAM, integrating initial composition and manufacturing
parameters is imperative, where composition evolution simulation offers valuable guidance.

Keywords: Additive manufacturing, Composition evolution, Element evaporation, Multiphysics
modeling, Cracking, Alloy design

1. Introduction

Fusion-based metal additive manufacturing (MAM) [1, 2, 3, 4], e.g., laser powder bed fusion
(L-PBF), has gained significant attention in various industries such as aerospace, automobile, and
biomedical engineering, due to its capability to fabricate intricate components with high strength.
Compared to traditional manufacturing processes, the tiny-size high-energy density heat source
in fusion-based MAM processes induces high cooling rates [5, 6] and large temperature gradi-
ents [7, 8], which effectively decrease grain sizes and improve the mechanical properties of the
as-built parts [2, 7]. However, the heat source also results in serious metal evaporation [9, 10],
altering the compositions by burning off the volatile elements [11, 12, 13]. Recent ex-situ studies
[14, 15, 16, 17, 18, 19, 20, 21, 22, 23] found that the evaporation-induced composition variation
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will influence phase transformation, change the grain morphology and mechanical property un-
der different processing parameters. Under the combined effect of the local temperature history
and element concentration variation, the dendrite/grain growth becomes more complicated, even
leading to cracking [24]. However, there are no effective solutions to control element evaporation
and optimize the component composition to improve the quality consistency of components. Be-
cause the underlying physical mechanisms of how evaporation induces composition evolution and
variation and further impacts microstructure and mechanical properties remain unclear.

The composition evolution in MAM is very complex for the following reasons: (1) the boiling
temperatures of different elements in alloys vary, (2) the temperature at the molten pool/keyhole
surface varies, and (3) the fierce molten pool flow, keyhole fluctuation, and layer-by-layer remelt-
ing further impact the element concentration distribution in the local molten pool and global as-
built part [11, 14]. Although inspiring progress has been achieved on in-situ X-ray imaging of
the molten pool flow, keyhole dynamics, and vapor flow [25, 26, 27] via two-dimensional pro-
jections, it is still very challenging if not impossible to directly measure/characterize the local
element evaporation, and composition evolution in the molten pool in three dimensions (3D) dur-
ing such a short solidification period (on the order of ten microseconds) with a spatial resolution of
several micrometers. While computational modeling has proven very powerful in understanding
various phenomena in MAM, such as keyhole pores, spattering and solidification [28, 29, 30], the
thermal-fluid flow models incorporating both the evaporative element loss and liquid flow simulta-
neously hitherto are not available, which makes it very difficult to analyze the evaporation-induced
composition evolution in the molten pool.

To systematically study this critical issue, we develop a novel multi-physics thermal-fluid flow
model incorporating the evaporative element loss and convection-dominated compositional evolu-
tion, and conduct a series of experiments. As the second most used alloys after steels, aluminum
alloys play an important role in the aerospace industry and becomes popular in MAM in the last
15 years [24, 31, 32]. Specifically, a representative alloy with elements of largely different boiling
points, AA7075 (boiling points of Zn and Al are 1180 and 2790 K) is selected as a model ma-
terial, and L-PBF is selected as a representative MAM technique, while this model is generally
applicable to various materials and MAM techniques. To reduce the influence of powder par-
ticles, we use bare plates, and to strengthen the composition distribution pattern, the tracks are
melted and remelted on bare plates by scanning laser for experimental characterization and simu-
lation validation. Due to the limited experimental resources and material property data, this study
mainly focuses on laser powder-bed fusion additive manufacturing and two representative alloys:
AA7075 and FeMnCoCr high entropy alloy. The non-uniform element concentration distribu-
tion is extracted and analyzed combining ex-situ experiments and molten pool simulation, and its
impact on the mechanical property is unveiled with both micro-pillar compression tests and con-
stitutive model. To thoroughly understand the mechanisms of composition evolution, the molten
pool dynamics are elaborated in detail, from surface evaporation rate and temperature distribution
to element transport with liquid flow. Leveraging the in-situ X-ray imaging results of cracking
formation and simulated temperature gradient and cooling rate, we find that element concentration
evolution in the molten pool, especially with bubble flow, is a significant factor affecting crack-
ing, but has never been mentioned before. This study has shed unprecedented insights into the
evaporation-induced composition evolution, and can provide valuable guidance to integrate the
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design of powder compositions and selection of AM parameters, facilitating the development of
advanced alloys.

2. Results and Discussion

2.1. Composition variation

As schematically shown in Figure 1a, the compositions of vapor are not necessarily the same
as those of the raw material due to the different evaporation rates of different elements (Element
A and B), altering the element concentrations on the molten pool surface, which further leads
to non-uniform composition in the molten pool by convection. To elucidate these complicated
phenomena, we develop a compositional evolution model by incorporating the local temperature-
and composition-dependent volatile element evaporation and the subsequent mass transport with
convection in the molten pool flow as described in Section 4.2. To simulate this process during
MAM, low-boiling-point elements, i.e., Zn (T, = 1180 K) and Mg (T}, = 1363 K) in AA7075, are
considered as the solute in the model. Since the reduction of Mg concentration shares a similar
pattern but is less than that of Zn (as proved in Figure 1f-g), the results of Zn concentrations are
mainly illustrated to analyze the composition evolution in the molten pool, where the cross section
of molten pool of Case 1 (270 W, 1000 mm/s) are presented in Figure 1b-e, and Cases 2 (330 W,
1000 mmy/s) and 3 (270 W, 500 mmy/s) are presented in Figure S1-S2. With the increase in laser
energy density, the molten pool transitions from shallow (Case 1) to deep keyhole mode (Case 3).
The molten pool dimensions in the experimental and simulation results are close (Figure 1b-e and
Figure S1-S2), with relative differences below 18%. Compared to the experiments, the uncertainty
of material properties (e.g., viscosity, surface tension, thermal conductivity, specific heat, etc.), real
processing parameters (e.g., laser power, diameter, and defocusing), and laser attenuation by the
vapor plume are not considered in the simulations due to the lack of related data. Moreover, the
oxidation of the bare plate (after polishing) decreases the wettability [33, 34] and influences the
laser absorption and element evaporation. With these factors, the multiphysics thermal-fluid flow
simulation results, with relative errors in the molten pool dimensions against the experiments being
less than 18%, is considered fairly accurate. Counter-intuitively, the depth of the molten pool in
remelting decreases slightly compared to that of first melting, especially under high energy density
(Case 3, Figure S2¢). This is caused by the reduction of Zn and Mg, which in turn increases the
boiling point of the alloy, and reduces the recoil pressure by evaporation in the remelting process.

Electron Probe Micro Analysis (EPMA) and simulation results quantitatively present the Zn
concentration distribution in the molten pool. Overall, the Zn concentration measured by EPMA
in Figure 1b and d share a similar segregation trend as simulation results (Figure 1c and e), where
element concentrations are segregated into upper and bottom regions (as identified by the red and
white circles in Figure 1b and c), and the range closely matches the simulation results, 3.5-5.8
wt.% in the first melt track and 3.0-5.8 wt.% in the remelted track. Despite the volatile elements
evaporation on the surface, the low Zn concentration does not appear in the middle upper region of
the melt region, but instead distributes near molten pool boundaries. In the upper region, the low-
Zn-concentration regions extend from the edges and infiltrate inwards as shown in Figure 1b-c. In
the bottom region, Zn concentration (Figure 1b-c) close to the boundary is lower (black dashed
circles) at ~ 4 wt.%. Moreover, in the remelted track (Figure 1d-e), the concentration at the edge
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Figure 1. Evaporation-induced compositional variation. (a) Schematic of composition evolution in the molten
pool. (b-c and f-g) and (d-e) are the results of the first melt and remelted (Time interval after the first melting is 120
s) tracks in Case 1 (270 W, 1000 mmy/s). (b and d) The Wiener filtered EPMA results. (c and e-g) Simulation results.
The red and black circles in (b) indicate regions with lower Zn concentrations. Red and white circles in (b) and (c)
indicate the concentration segregating into upper and bottom regions. Black circles in (b-c) and (f) indicate the Zn
mixing process at the bottom of molten pool. Black circles in (d) indicate that cracks hinder the concentration mixing
at the bottom of molten pool. (f) Zn and (g) Mg concentration distributions in another cross section in Case 1, which
is 110 um apart from (c). The dashed circle and ellipse in (f-g) indicate different element concentrations from (c). The
fusion zone boundaries are marked by the white solid lines in (c and e-g). (h) 3D cirrus-shaped distributed low-Zn-
concentration in the track. The gray contour in (h) is the boundary of the molten pool at solidus temperature. (i) The
filtered EPMA results of Zn concentration in the longitudinal section (close to y = 0 plane) of the remelted track in
Case 1. Compared to that in the first track in Figure S3, more Zn evaporates from the remelted track and it has a more
obvious distribution pattern here. The Zn concentrations are intermittently distributed (indicated by the “Zn low”
arrows). The Zn concentrations in the dashed elliptical regions are discontinuous indicating that the Zn concentration
segregates into upper and bottom regions. The simulated Zn concentration distribution in (j) longitudinal section
y = 40 um, (k) middle longitudinal section y = O of the remelted track, and (1) longitudinal section y = 40 um of the
first track in Case 1. (j1-11) are the enlarged views of black dashed rectangular regions in (j-1) for comparison to (i).

and middle of the tracks decreases further compared to that in the first melt track (Figure 1b-c),
and the lower limit of Zn concentration decreases from 3.5 wt.% to 3.0 wt.% due to the further
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element evaporation and liquid convection. At the same time, the Zn segregation in the upper
and bottom regions in both EPMA and simulation results becomes more obscured after remelting,
as shown in Figure 1d-e. In the simulation, the drag force in the mushy zone is assumed to be
isotropic. However, since the grain morphology is mostly columnar and rarely equiaxed, the drag
force in the mushy zone is actually anisotropic. Moreover, micropores in the substrate influence the
molten pool flow, leading to more significant concentration deviations in the first track, as shown
in Figure 1c, when compared to EPMA results. As remelting time increases, these concentration
deviations decrease, as illustrated in Figure 1d-e. To enhance accuracy of simulation in future
studies, the drag force model should be revised to account for grain morphology.

It should be highlighted that there are discernible concentration differences in different cross
sections, as shown in Figure 1f-g and c (just 110 pum apart in the x direction), which is also part
of the reasons for the difference between EPMA and simulation results. This is because the con-
centration distribution is essentially in 3D, and 2D cross-section views are not fully representative.
Only 3D high-fidelity simulation can provide comprehensive views of such 3D distribution (Fig-
ure 1h), while it is very challenging in experiments. The low-Zn-concentration regions (< 4.9
wt%) show a 3D cirrus-shaped distribution in the bottom and upper regions of the track. Corre-
spondingly, the Zn concentrations display intermittent patterns along the laser scanning direction
in longitudinal sections (Figure 1i-1, Figure S3-S5, and Movie S1-S6), similar to the Energy-
Dispersive X-ray Spectroscopy (EDS) results by Yao et. al. [35]. At the same time, in Figure 1i-1
and Figure S3, the Zn concentration in tracks are intermittent and discontinuous along both the
z (the black dashed elliptical regions in Figure 1i) direction. Since Figure 1i and Figure S3a is
not exactly on y = 0 plane, the intermittent Zn contraction in the upper region in experiments,
which is more like the Zn concentration distribution in Figure 1j and 1. Moreover, compared to
Zn concentration in y = 0 planes in Figure 1k, the Zn segregation along z direction in y = 40 um
planes (Figure 1j) become less evident, indicating that Zn concentration becomes more uniform as
the distance to the middle longitudinal section increases. Furthermore, a ripple pattern of Zn con-
centration, identifiable by the intervals between yellow and red colors in Figure S3c-d, forms at
the middle regions along the laser scanning direction, similar to the ripples distributed on surface
Figure S4e-f. This cirrus-shaped 3D distribution generally appears in various alloys by L-PBE,
as the flow patterns are similar. We also run simulations for L-PBF of a FeMnCoCr high-entropy
alloy, which indeed shows such distribution in Figure S7.

2.2. Impact of composition evolution on mechanical property

To assess the impact of element evaporation on the mechanical properties, micro-pillar com-
pression tests are conducted at different locations, as presented in Figure 2a. The locations of
micropillar are precisely determined based on the Electron Backscatter Diffraction (EBSD) results
as shown in Figure 2b and EPMA results. According to the distribution pattern of Zn concentra-
tion, PO is located in the substrate (unmelt region) and serves as the reference point. P1 is at the
edge of the melt region, P3 at the bottom of the melt region, and P2 between P1 and P2. In the ex-
periments, the micropillars are prepared after EPMA examination, which is several microns below
from the cross section in EPMA results. Additionally, the Zn concentration in the EPMA results
shows a similar distribution pattern. Consequently, it can be inferred that the Zn concentrations
in P1-P3 are 1.0-2.0 wt.% lower than that in the substrate (P0), as shown in Figure 1b. Moreover,
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the crystal orientations of the pillars align with [111] to exclude the influence of the crystal ori-
entation. Meanwhile, in the compression tests, by extracting PO-P3 (the pillars inside individual
grains) with close kernel average misorientations (KAM) (Figure 2c¢), the influences of initial dis-
location hardening on the stress-strain responses can be excluded. Overall, despite the similarities
in the elastic stage for pillars in both the track and substrate, there is a notable reduction in yield
strength within the track, particularly at P1 and P2 as shown in Figure 2b. Meanwhile, the yield
strength at P3 (bottom region) is around 100 MPa higher than that at P1 and P2. The significant
role of Zn and Mg in augmenting solid-solution strengthening has been well-established [36] and
the concentrations of Zn and Mg decrease notably at P1 and P2, and potentially at P3, as illus-
trated in Figure 1c-d. Thus, the variations in yield strength observed at different positions, can be
attributed to the disparate concentrations of solid-solution elements.
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Figure 2. Influence of composition distribution on mechanical properties. (a) The strain-stress curves of micro-
pillar compression tests at different regions, where PO is on the substrate and P1-P3 are from the edge to the middle
of the melt region as shown in (b). (b) EBSD image (IPFZ) of crystal orientation and (c) KAM distribution within
the cross section of the melt track. The compressive loads are applied along [111] orientation for all PO-P3. (d)
Simulated initial slip resistance distribution within the cross section of the melt track. (e) The simulated stress-strain
responses under different crystal orientations and locations marked in (d), in which 0.2% engineering strain is used as
the criterion to determine the yield stress. (f) SEM images of a micropillar before and after compression tests.
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Furthermore, we use the constitutive model under crystal plasticity (CP) framework to quan-
tify the effect of concentration distributions on stress-strain responses at different locations, in
which the solid-solution strengthening effect is incorporated. The stress-strain curves given by
experiments are employed for calibrating model parameters, with excellent fitting results shown
in Figure 2a. As shown in Figure 2d, the initial slip resistance as a internal state variable in consti-
tutive model, exhibits a significant non-uniform distribution, which is induced by the segregation
of solid-solution elements Zn and Mg. Due to the reduction in solid-solution strengthening in-
duced by element evaporation, the minimum initial slip resistance occurs at depletion regions of
Zn and Mg, which is only 66% of that in the substrate. By comparing the mechanical properties
at the locations with maximum and minimum initial slip resistance through applying the stress at
each location (Figure 2d), this 33% reduction in initial slip resistance can lead to the yield stress
decreasing by 98.1 MPa for [001], 112.6 MPa for [110], and 169.8 MPa for [111] orientations,
as shown in Figure le. Therefore, our simulation framework unveils that evaporation-induced
compositional evolution can significantly weaken the slip resistance and yield strength within the
fusion zone, and this weakening effect is more pronounced in the depleted regions of Zn and Mg.

2.3. Mechanisms of composition evolution

To reveal the formation mechanisms underlying the 3D cirrus-shaped composition distribution,
the temperature, local evaporation rate, velocity magnitudes, streamlines, and Zn concentration in
the molten pool are presented in Figure 3, Figure S8, and Movie S1-S6. The composition evo-
lution in the molten pool consists of two parts: element loss through evaporation and element
redistribution through liquid convection. The temperature above the Zn boiling point (1180 K)
and evaporation rate at the surface in Figure 3a, indicate that the element evaporation concentrates
on the keyhole surface non-uniformly (Figure 3b). During the L-PBF process, hydrodynamic and
evaporation-induced recoil forces vary across different locations, causing fluctuations of the key-
hole surface, which subsequently influence heat convection in the molten pool. Concurrently, the
keyhole shape affects the reflection and absorption of the Gaussian-distributed laser [37]. Con-
sequently, keyhole dynamics result in varying temperature distributions, leading to different local
evaporation rates on the keyhole surface. Additionally, surface temperatures are lower than Al
boiling point (2790 K), so that the main components of evaporation loss are Zn and Mg elements.

The keyhole fluctuation is intense, with an amplitude more than 100 ym in depth and a period
less than 10 us [28, 25]. Thus, the low-Zn-concentration keyhole regions (as shown in the keyhole
surface of Figure 3e) are either mixed into the bottom region of the molten pool when the keyhole
depth increases, or pushed to the rear part of the molten pool as the keyhole surface fluctuates up.
During this fierce evaporation and fluctuation process, on the one hand, the vortex at the bottom
of the keyhole (Figure 3d) blends the low-Zn-concentration fluid into the molten pool as indicated
by Arrow 1 in Figure 3e. On the other hand, the Marangoni effect, caused by the temperature
gradient and element concentration difference on the molten pool surface, drives the liquid at the
surface around keyhole (low-Zn-concentration region) to the edge of the molten pool as indicated
by Arrow 2 in Figure 3e and Movie S1-S2. Additionally, this confines the low-Zn-concentration
liquid from the surface in the upper corner as shown in Figure Ic-d and f-g. As the keyhole
fluctuates up and down, indicated by the black arrows in Figure 3e, the low-Zn-concentration
becomes discontinuous and formulates the 3D cirrus-shaped composition distribution.
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Figure 3. Mechanisms of evaporation-induced composition evolution. Simulation results of (a) the temperature,
(b) evaporation rate on the molten pool surface, (c) the velocity magnitudes, (d) streamlines, and (e) snapshots of Zn
evolution in the molten pool during the laser scanning. (a-c, and e) are the simulation results of Case 1, and (d1-d3)
are Case 1-3, respectively. The white solid lines in (a-c) and contours in (d) are the boundaries of the molten pool.
The black arrow in (e) indicates the keyhole bottom fluctuation direction, and white arrows 1 and 2 indicate the flow
direction of low-Zn-concentration fluid in the upper and lower regions of molten pool in Case 1.

Although the streamlines in Figure 3d1 (indicated by the red dashed circles) show that the
low-Zn-concentration fluid around the keyhole is moving into the middle of the molten pool for
further mixing, the liquid mixing varies with melting mode. In the shallow keyhole mode (Case
1), the streamlines in the molten pool spiral from the front to the rear part, similar to the in-situ
X-ray imaging results by Guo et al. [38]. With a larger molten pool depth, the spiral streamlines
are warped into a vertical vortex behind the keyhole, as shown in Figure 3d2, like the in-situ X-
ray imaging results by Hojjatzadeh et al. [26]. In Case 3 with an even larger molten pool depth
(Figure 3d3), the vertical vortex expands, and liquid flows from the bottom back to the surface
of the molten pool with a deeper keyhole. Therefore, as the molten pool depth increases, the
expansion of streamlines is responsible for the reduction of Zn segregation levels in the molten
pool (Figure 1, and Figure S1-S4) and further influences the shape of the low-Zn-concentration
regions.

2.4. Possible factors affecting crack formation

The OM images in Figure 4a show that cracking occurs in the tracks, and previous studies [2, 7,
39, 40] speculated without direct evidence that either thermodynamic conditions or local element
concentrations determine the rapid evolution of micro-structures and thus lead to the formation of
cracking. Therefore, the temperature gradient, cooling rate, and element concentration distribution
and evolution in the molten pool are further analyzed to explore possible causes of cracking. In
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Figure 4b and c, the temperature gradient and cooling rate within the solidifying regions are alike
for all the three cases, in the ranges of 10° — 107 K/m and 10° — 107 K/s, respectively. Generally,
high magnitudes of temperature gradient and cooling rate increase the possibility of cracking [2,
7]. However, the mechanisms of cracking cannot be fully explained by further comparing the
distribution of these two indexes. In Case 1 and 2, the temperature gradient and cooling rate in
Region 2 (bottom region) are higher than those in Region 1 (upper region), as shown in Figure 4b1-
b2 and c1-c2, while the opposite occurs in Case 3. This implies that cracking should preferentially
occurs at the bottom of the molten pool in Cases 1 and 2 and at the upper region in Case 3,
due to higher thermal stresses proportional to the temperature gradients. However, experimental
results (Figure 4a) show that cracks propagate from the bottom of the track, especially in Case
3 where the crack lies in the center of the track vertically and spans from near the bottom to
the surface, as indicated in the OM images and revealed by the in-sifu X-ray images [41, 42] in
Figure 4d. Meanwhile, some small cracks close to the bottom of the molten pool are found in Case
3 (Figure 4a3) where the Zn concentration around the crack (Figure S2a) is lower. Thus, other
factors significantly affect the formation of cracking and should be taken into account.

As the average keyhole depth increases from Case 1 to 3, the keyhole undergoes intenser
fluctuations, resulting in higher possibility of collapsing to form instant bubbles and keyhole pores,
which in turn impacts molten pool flow and solidification [25, 4]. According to our simulation
results, the instant bubble from keyhole collapse can not only lead to keyhole pore defects (Figure
S2b) [25, 28] but also obstruct the element convection, as shown in Figure 4e and Movie S7. The
instant bubble originates at the bottom of the molten pool by the keyhole collapse, where the Zn
concentration is low due to the higher element evaporation rate, as displayed in Figure 4el. As the
bubble ascends, the low-Zn-concentration fluid attaches to the bubble, and the liquid convection is
hindered. Therefore, the Zn concentration near the solidification front (the gray ellipse region in
Figure 4el-e4) is affected by this instant bubble. As shown in Figure 4el-e3, Zn concentration at
the side of this gray region decreases before increasing, while it behaves oppositely at the bottom
of this region. At the same time, the element concentration in the upper region of the molten pool
is more uniform than that in the lower region after solidification (Figure 4e5).

This irregular element concentration variation at the bottom of the track during the solidifi-
cation further impacts grain growth and increases the possibility of cracking. According to ther-
modynamics, the local element concentration of alloy largely determines Gibbs free energy and
impacts the dendrite growth rate [2]. A higher Zn concentration on the solidification front can
enhance constitutional supercooling and promote dendritic growth [43]. At the same time, the
eutectic temperature of the Al-Cu-Mg ternary system is 698 K (if all Zn element is evaporated),
while the solidus temperature of AA7075 is 806 K [22]. Therefore, the change of Zn and Mg con-
centrations causes variation in both the local solidus temperature and dendrite growth rate. This
ever-changing dendrite growth rate could facilitate the formation of interlocking solid networks
[9, 44], which increases the potential of cracking. A study on microstructure evolution consider-
ing concentration evolution due to evaporation during L-PBF is essential to quantify the potential
for crack formation in the future. Thus, the non-uniform and varying composition at the bottom of
the molten pool increases the possibility of cracking by changing the local dendrite/grain growth
and solidification shrinkage and explains that more cracks appear at the bottom regions of the
tracks than at the upper region. Similarly, in-situ X-ray imaging [42] and atom probe tomogra-
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Figure 4. Possible factors affecting cracking formation. (a) Metallograph by optical microscope (OM) and cracks
are indicated with arrows. The contrast in red circles of OM suggests that element concentrations are segregated into
upper and bottom regions in each cross section. The simulation results of (b) the temperature gradient, and (c) cooling
rate in the molten pool. (d) In-situ X-ray imaging results of cracking propagating from the bottom to the surface of
the molten pool during L-PBF [41]. (e) The simulated Zn concentration evolution in the molten pool with instant
bubble motion. The white solid lines in (b-c) and black dashed lines in (e) indicate the solidification fronts (liquidus
temperature). The gray dashed ellipses in (e) indicate the concentration evolution at the bottom of the molten pool.
Figure 4d is adapted from Ghasemi-Tabasi H, de Formanoir C, Van Petegem S, et al. Direct observation of crack
formation mechanisms with operando Laser Powder Bed Fusion X-ray imaging. Add. Manuf., 2022, 51: 102619,
Copyright Elsevier(2022). https://doi.org/10.1016/j.addma.2022.102619. Images were rescaled and their
contrast and brightness were adjusted to improve readability.

phy (APT) [44] results suggested that instant bubbles in the molten pool increase the possibility
of cracking formation and the gas pores could serve as crack nucleation sites and promote crack
propagation. Additionally, the pores or cracks (in Figure S2) in the previous tracks reduce the
intensity of molten pool flow and aggravate the local element concentration segregation during
the remelting process [45]. The Zn segregation at the bottom of the molten pool makes the grain
morphology more complex, which can further hinder the liquid flow between dendrites. Thus,
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the liquid convection at the bottom of the molten pool between cracks as shown in Figure 1d and
Figure S1-S2 is minimized and leave a high Zn concentration region at the bottom of the molten
pool.

3. Conclusion

In summary, leveraging high-fidelity simulation and detailed experimental characterizations,
we have systematically understood the composition evolution caused by evaporative element loss
and its impact on mechanical properties. The keyhole fluctuation, Marangoni effect, and different
boiling points/evaporation rates of elements lead to the composition variation within the molten
pool generally yielding 3D cirrus-shaped distributions. Furthermore, it is possible that the instant
bubbles caused by keyhole collapse and keyhole pores hinder liquid convection, exacerbate el-
ement segregation, and play critical roles in cracking, aside from the high temperature gradient
and cooling rate, which needs to be validated with more detailed experiments. All these findings
demonstrate that evaporative element loss and the resultant localized variation of mechanical prop-
erties are closely related to the manufacturing parameters rather than completely to the chemical
compositions of the feedstock material. In future alloy design for MAM, evaporation-induced
composition evolution during the manufacturing process should be considered, and integrated de-
sign of the raw material compositions and manufacturing parameters is necessary, where compu-
tational simulation is a powerful tool to provide guidance.

4. Materials and Methods

4.1. Multiphysics thermal-fluid flow model

The metal evaporates from the keyhole surface due to the high-intensity energy input, and
the local element concentrations vary due to the different boiling points and evaporation rates of
different elements. As the liquid with altered element concentration around the surface is mixed
into the molten pool, the element concentrations in the molten pool further change. To simulate
composition evolution and distribution, a compositional evolution model accounting for evapo-
rative elemental loss is developed and integrated with our multiphysics thermal-fluid flow model
[46, 47]. This model reveals to the mesoscale molten pool flow but does not resolve the microscale
phase segregation and nanoscale structural evolution during solidification.

In the multiphysics thermal-fluid flow model, the liquid phase is assumed to be an incompress-
ible Newtonian liquid with a constant density (p). Taking into account the effects of the mass loss
due to evaporation, buoyancy, and drag force in the mushy zone, the mass, momentum, and energy
conservation equations are given below

pV U= mevp
ou
ot

p%+pv-(u1):v-(kVT)+Q

+pV-(ueu)=-Vp+uVu+Fz—pDu (1)
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where u is the velocity vector, 71,,, 1s the mass loss rate due to the element evaporation, p is the
pressure, and 7 is the temperature. u and k are the temperature-dependent dynamic viscosity and
thermal conductivity of the alloy. F and Du are the buoyancy based on Boussinesq approximation
and Darcy drag force, respectively. The mushy zone is taken as a porous medium. Based on
Darcy’s law, the Darcy drag force (Du) is employed to ensure the rigidity and resistance to the
flow of the solidified material. The drag coefficient (D) is given by the Blake-Kozeny model
[48, 49] with the primary dendrite arm spacing taken as 5 um [50, 51] in the current study. In
the energy conservation equation, / = f C,(T)dT + (1 — F,)L,, is the specific internal energy,
where C,, L, and F are the specific heat, latent heat of melting, and solid fraction determined
by the temperature. Q is the energy absorbed by the material, which is incorporated by using the
ray-tracing method [52, 47] to track the multi-reflections of the laser. In the ray-tracing model,
the laser is divided into a series of rays, and the laser absorptivity of each ray at each reflection
is calculated by the Fresnel equation [23, 53] as described in Supplementary Methods. To track
the free surface of the molten pool, the Volume of Fluid (VoF) method [54] is adopted

OF
<7 TV (Fu) =0 (2)

where F is the volume fraction.

4.2. Compositional evolution model

The alloy system during MAM is taken as a solution, and the solute transport equation for

element concentration is ic
E+V-(Cu):V~(DeVC)+SV 3)

where C is the element concentration in the simulation domain. D, is the effective diffusion co-
efficient of the element. §, is the element concentration loss rate due to the element evaporation
[55, 47], which is given as

5, = top M 4)

Ty = My

where ri1,, and m1.; are the material melting rate and solute evaporating rate of ith element, re-
spectively, and they are calculated with our evaporation model [47] (described in Supplementary
Methods). According to the previous studies [39, 56, 57], the diffusion effect in the molten pool
dynamics can be ignored compared to the convection effect. The temperature-dependent diffusion
coefficient D, of element in alloy is about ~ 10~ — 1078 m?/s from melting to boiling temperatures
[56, 58]. In L-PBF process, the characteristic velocity U and length /. are 2 m/s and 1 mm, so
the Péclet number is Pe = Ul./D, ~ 10* >> 1, meaning that the convection is much stronger than
diffusion. Thus, the simplified solute transport equation without diffusion is implemented in the

current study.

oC
E+V-(Cu):SV (5)

In the concentration evolution simulations, the manufacturing parameters are all the same as
those in the experiments described in Section 4.4, and the physical properties of AA7075 are
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calculated with JMatPro® and listed in Table S4-S5. The mesh size is 5 um to exclude mesh
dependence of the simulations. The computation time for a typical case is about 26 hours on a
desktop with an Intel 19-12900K CPU. Additionally, this model is also applicable to other mate-
rials during MAM and the simulated Mn concentration in L-PBF fabricated FeMnCoCr HEA is
validated in Supplementary text.

4.3. Constitutive Model
In the crystal plasticity framework, the slip rate is given by a power-law relationship [59]

1/m

sign(t?) (6)

S

V' =%

-
=
where 7, is a reference slip rate, 7° is the resolved shear stress, 77 is the total slip resistance, and
m 1s the exponent of strain rate sensitivity. The total slip resistance can be decomposed into the

following terms

S _ .8 s s
T.=Tpn + Toro + Tsol + Tdis (7)

where 73, captures the contribution of lattice friction on total slip resistance, 77, is the contri-
bution of dislocations bypassing of second phase (marked in Figure 2f), ¥  is the contribution of
solid-solution strengthening, 77, is the contribution of dislocation hardening. Since the slip sys-
tems, and the average spacing between adjacent second phases stay the same during deformation,
the 7, and 77, are treated as two constants in this work, which are unified as one constant in the
fitting process. Besides, we use Kalidindi’s model to describe the evolution of 7)), [60]

n s

. Tdis
sign(l - ——) ()
Tdis,sat

A
1 _ TdiS

dis,sat

S _ .8 s af
Tdis - Tdis,ini + A’)/ q ]’l()

where g% is a hardening coefficient matrix accounting for the difference in self and latent harden-
ing, hy is a constant, 7 captures the hardening saturation. Furthermore, the 73 , is expressed
by the concentrations of solid-solution elements, based on the Gypen’s model [61]

iy = (O ke )

where c¢; is the atomic concentration for each solid-solution element (Zn and Mg). The k; and p
are constants that determined from reference [61].

The simulations for mechanical responses are performed under the open-source platform MOOSE
[62]. For the simulations in Figure 2a, the simulated element concentrations in Figure Ic and e
are taken as the input. The strain rate is set as 0.001 /s, and the compression force is applied along
the crystal orientation of [111], which are consistent with the micro-pillar compression tests. The
model with calibrated parameters (Table S9) is employed to map the initial total slip resistance in
Figure 2d.
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4.4. Experiments

The manufacturing parameters for laser scanning and remelting experiments are listed in Ta-
ble S1. 7075-T6 Aluminum Alloy (AA7075) plates are used and the compositions of the plates
are measured using inductively coupled plasma optical emission spectrometry (Agilent 730 ICP-
OES), as shown in Table S2. Before laser scanning, the bare plate is polished to remove the oxide
scale and oil stains. The manufacturing chamber is filled with Nitrogen to maintain the Oxygen
concentration below 100 ppm at 1 atm and room temperature. The laser scanning is conducted on
a BLT-A160 L-PBF machine using a Yb fiber laser with a maximum power of 500 W, a spot size
of ~ 80 um, and the wavelength of ~ 1.07 um.

Samples for characterization are obtained from the bare plates using wire electrical discharge
machining. After standard metallurgical polishing procedures, the geometrical dimensions of melt
track cross sections are measured by an optical microscope (OM, AE2000 MET). The samples for
EBSD characterization are prepared by electron-polishing with the solution of 70% methanol and
30% nitric acid at —20 °C after mechanical polishing and the crystal orientations are examined at
a step size of 0.5 um via an Oxford Symmetry EBSD system. In the micro-pillar compression
tests, a focused ion beam (FIB) at 30 kV in a FEI-600i dual-beam FIB/SEM system is applied
to mill a circle ring with an outer diameter of ~ 20 um, an inner diameter of ~ 5 um, and
a depth of ~ 0.4 um in the first step, and then a micro-pillars of roughly 1.0 yum in diameter
and 2.0 um in height are extracted in the inner region [63]. The angle between the compression
direction and [111] crystal orientation is smaller than 10° as listed Table S10. The micropillars are
compressed by a nanoindenter (Hysitron T1 980 TriboIlndeter) with a truncated cone tip of 10 ym in
diameter. The displacement rate is controlled at 2 nm/s and the strain rate is 1 x 107> s~!. Element
concentration in the melt tracks are measured by an EPMA (EPMA-1720H) under the conditions
of 15 kV, 100 nA, 1.0 um step size with a counting time of 20 ms per step. The measured Zn
concentration in the substrate ranges from 3.0 to 7.0 wt.%. Compared to the ICP-OES results
in Table S2, the average Zn concentration in the substrate by EPMA is about 0.7 wt.% lower.
This discrepancy primarily arises from the presence of an oxidation layer and the inclined surface
during the EPMA measurement. In addition to the element segregation due to element evaporation
and molten pool flow, the microsegregation of element concentration (phase segregation) during
the solidification process can also lead to local variations of element concentration along the grain
boundaries. Since the phase segregation and convection of elements occur separately at the micro
and meso scales, a Wiener filter is applied to the EPMA raw data (Figure S9) to reduce the noise
caused by segregation on micro and meso scales (the element segregation on mesoscale in filtered
EPMA results still exists) and measurement errors, extracting the features of the Zn evolution
results. The chemical composition of the HEA sample is determined using an Oxford Energy
Dispersive X-ray Spectroscopy (EDS) detector.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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