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Abstract

Laser powder bed fusion (LPBF) has demonstrated its unique ability to produce customized, complex
engineering components. However, processing of many commercial Al-alloys by LPBF remains
challenging due to the formation of solidification cracking, although they are labelled castable or
weldable. In order to elucidate this divergence, solidification cracking susceptibility from the steepness

of the solidification curves, specifically |dT/df51/2|, as the fraction solidified nears 1 towards complete
solidification, was calculated via Scheil-Gulliver model as a function of solute concentration in simple
binary Al-Si, Al-Mg, and Al-Cu systems. Introduction of “diffusion in solid” into Scheil-Gulliver model
resulted in a drastic reduction in the cracking susceptibility (i.e., reduction in the magnitude of

|dT/df51/2|) and a shift in the maximum |dT/del/2| to higher concentrations of solute. Overall, the
calculated solidification cracking susceptibility correlated well with experimental observation made
using LPBF AA5083 (e.g., Al-Mg) and Al-Si binary alloys with varying Si concentration. Cracking
susceptibility was found to be highly sensitive to the composition of the alloy, which governs the

variation of |dT/df51/2|. Furthermore, experimental observation suggests that the contribution of
“diffusion in solids” to reduce the cracking susceptibility can be more significant than what is expected
from an instinctive assumption of negligible diffusion and rapid cooling typically associated with LPBF.

Introduction

Additive manufacturing (AM) has demonstrated repeated success in producing customized
components, previously restricted by the limitations of subtractive manufacturing via traditional
materials processing methods.[1,2,3] Laser powder bed fusion (LPBF) is a popular AM technique that
has shown to produce dense, complex parts, built by repeated melting of a powder bed with a laser
source in a layer by layer process.[1,2,3] Unfortunately, LPBF of certain Al-alloys such as high strength
AA7075 and corrosion resistant AA5083 is limited by the extensive formation of solidification cracking
and/or excessive porosity.[4,5,6,7] Predominantly, Al alloyed with near eutectic compositions of

Si, ~ 12.6 wt.%,[8] such as Al-10 wt.% Si-0.5 wt.% Mg (known as AISi10Mg), have had success with
building crack-free parts with LPBF.[9,10,11] AlSi10Mg was adopted from casting as the high
concentration of Si decreases the viscosity of the melt, allowing for a higher degree of flowability,
desired in casting.[12] Moreover, the near eutectic composition reduces the freezing range, easing
transformation from liquid to solid without excessive strain accumulation that causes solidification
cracking.[11,12,13]

Early investigation by Singer and Jennings [14] suggested that solidification cracking is a result of
increasing freezing range (i.e., commonly referred to as hot shortness range), which varies as a
function of solute concentration.[15] Solidification cracking models, such as that proposed by Clyne
and Davies (CSD) [16] or Rappaz-Drezet-Gremaud (RDG),[17] relate the cracking susceptibility to the
fraction solidified, fs, as described in Scheil-Gulliver solidification model.[17,18,19] The CSD model
related the time period when the material is most vulnerable to cracking, i.e., f¢ =0.9 to 0.99, to the
time period available for thermal stress relief, i.e., fg = 0.4 to 0.9.[16, 18] The boundaries of the time
period set by fs in the CSD model are somewhat arbitrary, because they can change from alloy to
alloy.[20] The RDG model is more sophisticated, but requires cracking initiation by void formation due



to a drop in cavitation pressure, which was determined by Coniglio and Cross [21] to be unlikely to
occur in Al-alloys.[17]

Recently, Kou [13] proposed a simple yet elegant cracking criterion that relates the cracking

susceptibility directly to fs, or more specifically, the fsl/z. Kou found that the magnitude of the cracking
susceptibility, as a function of solute concentration, is directly correlated to the absolute value of the

steepness of the temperature versus fsl/2 curve, i.e., |dT/df51/2|, when fsl/2 nears 1 (i.e., complete
solidification). Furthermore, Kou [22] demonstrated that the concentration of solute where the
maximum crack susceptibility is found will shift to a higher solute concentration due to diffusion in
solid. The effect of diffusion is governed by the cooling rate and total freezing time.[13, 23] Since the
cooling rates in LPBF have shown to be on the orders of 10° to 107 K/s,[24] the influence of diffusion
may be different than that for conventional casting with typical cooling rates on the orders of 10! to
103 K/s.[25]

In this paper, the role of diffusion on the crack susceptibility calculated by Kou’s criterion, is
determined for Al-Si, Al-Mg, and Al-Cu binary alloys. Quantitative microstructural measurement of sub-
grain cell size and solidification crack density from binary Al-Si and other commercial alloys produced
by LPBF, are examined to corroborate the effects of alloy composition and solid-state diffusion kinetics
on cracking susceptibility relevant to LPBF.

Solidification Cracking Criterion
In Kou’s cracking criterion,[13] the cracking susceptibility is directly related to the fs, which can be
determined from the work by Gulliver and Scheil.[19, 23] The “Scheil equation” is expressed as:

—T 1

T
M k1

Tv—T.

fs=1-(
(1)

where T is temperature, Ty is the melting temperature of the solvent, Ty, is temperature of the
liquidus, k is the partition coefficient that defines the ratio of the concentration of solid, Cg, to the

concentration of liquid, Cy,, as:
C
k==
G

(2)

This form of Scheil equation assumes that there is infinite diffusion in the liquid, no diffusion in the
solid, and that the liquidus and solidus are straight lines, giving a constant k. The fraction eutectic, fg,
can then be expressed by:

szl—fs:<
(3)

where Cj is the concentration, and — my, is the slope of the liquidus expressed as:
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Ce

(4)

In Eq. (4), Te is the eutectic temperature and Cg is the concentration of solute at the eutectic. Kou [13]
suggested that the effect of f5 is more emphasized with f51/2, as per the strain rate based criterion
described in the literature.[13, 26] Moreover, the steepness of the temperature versus fsl/2 curves,
|dT/df51/2|, is directly related to the cracking susceptibility. The |dT/del/2|, can be written as:

dT | 20— k)(Tw—T)J1-f
af? fe

(5)

The parameter |dT/del/2| is a function of temperature, therefore, to determine the correct value of
|dT /df;*?|, Kou [13] suggested that there should be a range of f; near f; = 1, i.e., near fs > 0.9, that
represents the maximum |dT/df51/2| of the solidification curves. However, it can be difficult to choose

an appropriate range of f for all compositions because not all compositions achieve > f; = 0.9 before
reaching the eutectic temperature, making it hard to be consistent with choosing the correct

|dT/df51/2|. In this study, the proper |dT/df51/2| will be taken as the final value ofjf,;l/2 before
reaching the eutectic temperature for each, individual composition.
To account for the effects of diffusion, Kurz and Fisher [23] modified the Scheil equation as

1-2a'k
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In Eq. (8), the Dg is the diffusion coefficient in solid, t; is the freezing (solidification) time, and A, is the
secondary dendrite arm spacing (SDAS). The diffusion parameter, a, is usually less than 0.3, anda = 0



represents the case of no solid-state diffusion. The tf can be expressed as the freezing range, AT, over

the cooling rate, T:

(9)

Cracking Susceptibility and Effect of Diffusion

Al-alloys are typically alloyed with Si, Mg, and/or Cu for strengthening in 5xxx, 6xxx, and 7xxx
series.[27] Therefore, it is worthwhile to start the examination of the cracking susceptibility for binary
Al-Si, Al-Mg, and Al-Cu systems. The hypo-eutectic regions of the phase diagrams for these systems are
presented in Fig. 1. For simplicity in using the Scheil equation, the liquidus and solidus were drawn with
straight lines. Being well-established, the equilibrium phase diagram for each composition was chosen
over any based on nonequilibrium conditions.

700

600

500 f

Temperaure (°C)

400

300

0 5 10 15 20 25 30 35 40
Cocentration of Solute in Al (wt.%)

Fig. 1 Hypo-eutectic region of the phase diagram for binary Al-Si, Al-Mg, and Al-Cu systems.[8] Liquidus and
solidus were estimated straight lines

More recently, investigators have utilized the CAlLculation of PHAse (CALPHAD) diagram computations
to predict the formation of brittle phases and possible crack susceptibility in complex Ni-base
superalloy systems.[28,29,30] Without a doubt, these computational tools are powerful methods that
can utilize Scheil solidification modeling to predict cracking susceptibility of alloy systems, both simple
and complex. However, the goal of this work was to demonstrate the effectiveness of the simple
model, under the original constraints of the Scheil equation. More importantly, some CALPHAD tools,
cannot accommodate the effect of solid-state diffusion in the Scheil modeling, which was an important
aspect to the current work.

Using Eqg. (1), the jgl/z was calculated for varying concentration of solutes, Si, Mg, and Cu in Al as

shown in Fig. 2. With a decrease in solute concentration, the magnitude of jgl/z just before reaching
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the eutectic temperature increased for all alloys. All fsl/2 versus temperature curves were drawn to the
eutectic temperature in Fig. 2. Understandably, compositions below the solubility limit would have a
higher solidus temperature, above the eutectic temperature. However, based on the Scheil condition,

these compositions will nearly fully solidify, i.e., fsl/2 =0.99, at the solidus temperature, but will not
completely reach fsl/2 =1 until the eutectic temperature is reached. For example, the composition Al-

0.1 wt.% Si will achieve fsl/2 =0.99 at approximately 639.3 °C, near the solidus temperature for that
composition, but will not completely solidify until the eutectic temperature is achieved.
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Fig. 2. Temperature vs. fraction solidified, fsl/2 curves calculated from Scheil model for Al-alloy with varying
concentration of solutes: (a) Si, (b) Mg, and (c) Cu
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From Fig. 2, |dT/df51/2| was calculated using Eq. (5) as presented in Fig. 3 for these binary systems

as fsl/2 approached complete solidification. Not all compositions achieved fsl/2 =0.99 before reaching

the eutectic temperature. Therefore, the critical fsl/2 at which the largest value of |dT/df51/2| is

found, was employed as the final value of fsl/2 before reaching the eutectic temperature for each
individual composition. As shown in Fig. 3, with an assumption of “no diffusion in solid,” i.e., @ = 0,
the maximum cracking susceptibility for the Al-Si, Al-Mg, and Al-Cu alloys occurred at 0.5, 4.5, and 1.0
wt.%, respectively. The 6xxx series Al-alloys contain up to 0.5 to 1.0 wt.% Si, 5xxx series alloys contain
up to 4.0 to 5.0 wt.% Mg, and many 7xxx alloys contain 1.0 to 2.0 wt.% Cu. These alloy compositions
correspond close to the compositions of maximum crack susceptibility for each alloy. However, many
of these alloys are known to behave well during casting or welding. Therefore, “diffusion in solid” may
play an important role for large-scale casting or welding.
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Fig. 3. Crack susceptibility index, |dT/df51/2 as a function of solute concentration for (a) Si, (b) Mg, and (c) Cu in

Al-alloys
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To understand the effect of diffusion, the diffusion parameter, a, defined in Eq. (8), was varied at 0 (no
diffusion), 0.05, 0.10, and 0.20, to calculate the f;/2 using Eq. (6) for Al-0.5 wt.% Si, Al-4.5 wt.% Mg,
and Al-1.0 wt.% Cu, i.e., binary compositions with maximum cracking susceptibility shown in Fig. 3. As
presented in Fig. 4, the steepness of the solidification curves reduced significantly with an increase

in a parameter, and in some instances, the melt solidified completely before reaching the eutectic
temperature. The |dT/df51/2| calculated as function of a is also presented in Fig. 3 where an increase
in a parameter shifted the maximum crack susceptibility to higher solute concentrations, and the
overall magnitude of |dT/df51/2| decreased significantly. Notably, the Al-Mg alloy showed a drastic
decrease in cracking susceptibility with just a minor increase in a to a value of 0.05.
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Fig. 4. Temperature vs. fraction solidified, fsl/2 curves calculated from Scheil model for (a) Al-0.5 wt.% Si, (b) Al-
4.5 wt.% Mg, and (c) Al-1.0 wt.% Cu alloys with variation in contribution from diffusion in solid quantified by
the a parameter


https://link.springer.com/article/10.1007/s11669-020-00844-y/figures/4

Since a parameter depends on the freezing time, and thus the cooling rate, the magnitude of a can
change significantly with varying cooling rate. It has been reported that in LPBF, the cooling rates are
on the orders of 10° to 107 K/s, as compared to 10! to 103 K/s found in conventional processes such as
casting.[24, 25] Therefore, a proper magnitude of @ must be evaluated to understand the effect of
diffusion in solid on the LPBF of Al-alloys.

Cracking Susceptibility and Effect of Diffusion for LPBF AISi10Mg

In previous work, Hyer et al. [31] examined the effects of varying LPBF parameters on the
microstructural development of AlSi10Mg alloys. In general, a web-like, sub-grain cellular-solidification
structure defined by the Al-Si eutectic at the intercellular boundaries, were observed. In addition, the
size of the cellular structure increased with a decrease in laser scan speed. This change in cell size was
attributed to the change in cooling rate based on the LPBF parameters employed, which changes the
energy input. To calculate the cooling rate based on the cell size, Hyer et al. [31] used a
phenomenological relationship that correlates the cooling rate to the SDAS expressed by:

SDAS = AT™
(10)

where A and n are constants, determined to be A =43.2 and n=0.324 by Matyja et al. [32] for Al-alloy,
and the cell size was used in leu of the SDAS. For the LPBF parameters examined, the cell size and
cooling rate were found to be approximately 0.2 to 0.7 um and 10° to 107 K/s, respectively.

Using the experimental results reported by Hyer et al. [31] for LPBF AISi10Mg alloy, the a parameter
was determined with Eq. (8) as shown in Fig. 5. The t; was calculated employing a AT of 18 K for Al-10

wt.% Si (from equilibrium phase diagram), and the T was calculated using Eq. (10) from each respective
cell size experimentally measured.[31] A Dg of 1072 m?-s™* for Al-Si at 600 °C was taken from.[33] As
presented in Fig. 5(a), a varied between 1 x 10™* and 3.5 x 1074, and its magnitude increased with an
increase in cell size as the scan speed decreased. Consequently, an increase in scan speed yielded
faster cooling rate, which corresponded to a decrease in a as shown in Fig. 5(b). In other words,
hypothetically, a continuously decreasing the scan speed (towards a stationary laser beam) would
increase a, allowing for unlimited diffusion in solid to occur. However, Hyer et al. [31] reported
excessive formation of keyhole porosity at very low and impractical scan speeds for the AlSi1l0Mg
alloys examined. Therefore, for LPBF, the likely magnitude of « is less than 3.5 x 107, suggesting that
the diffusion solid may be severely limited.
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Of course, Eq. (8) for @ depends on the diffusion coefficient in solid. For this study, Dg of

10712 m?-s71 for Al-Si at 600 °C was utilized based on the literature.[33] However, a can change
significantly with slight variance of Ds, for example with ternary alloying addition such as Mg. For
various SDAS, based on those experimentally observed in AlSi10Mg alloys shown in Fig. 5), a was
calculated as a function of Dg as shown in Fig. 6. As Dg increased, the a parameter increased at a
constant cooling rate, which would reduce the crack susceptibility. For example, diffusion in solid in
contact with liquid with Dg of 1072 m2:s71 in Al alloy would yield the a parameter close to 0.02 to 0.2,
given the experimental measured cell size of 0.2 and 0.7 um, respectively, as shown in Fig. 6, and may
contribute significantly to the mitigation of LPBF cracking as presented in Fig. 3(a).
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107 m2 st yields a parameter between 0.02 and 0.2, which corresponds to a significant contribution to a
reduction in hot cracking susceptibility

Cracking Susceptibility of AA5083 Alloy

AA5083 with 4.0~ 5.0 wt.% Mg, 0.4 ~ 1.0 wt.% Mn [27] is widely used in marine applications, and is
known to be both castable and weldable.[27] However, investigators Zhou et al. [5] clearly
demonstrated that processing of corrosion resistant AA5083 by LPBF resulted in solidification cracking,
regardless the LPBF parameter employed.

In the study by Zhou et al.,[5] the cracking density and composition of alloying elements were
measured as a function of varying scan speed for high and low laser powers of 350 and 200 W,
respectively. The crack density measured was plotted against the concentration of Mg in Fig. 7. Note
that the concentration of Mg in the powder feedstock was constant for all AA5083 samples built, but
the change in Mg concentration as a function of scan speed was reported due to the evaporation/high-
vapor-pressure of Mg from varying heat input. In other words, higher heat or energy input resulted in a
loss of Mg, while Mg concentration was retained by lower heat or energy input.[34] Fortunately, the
optimum LPBF parameters identified that produced dense, crack-free AA5083 with Zr addition
corresponded to a negligible loss of Mg. As shown in Fig. 7(a), an increase in scan speed, which
corresponds to a lower heat input, produced AA5083 without the loss of Mg concentration, which
however, corresponded to an increase in crack density.
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Fig. 7. Experimentally measured cracking density vs. concentration of Mg for AA5083 alloys processed by LPBF:

(a) unmodified and (b) alloyed with 0.7 wt.% Zr [5]

To mitigate the solidification cracking, Zhou et al. [5] added 0.7 wt.% Zr to the AA5083, so that the
primary AlsZr precipitates can act as heterogenous nucleation sites and eliminate large columnar grains
associated with solidification cracking. This change in solidification path allowed for an identification of
optimum LPBF parameters, in which AA5083 + Zr could be built to nearly full density without cracks
and negligible Mg loss. However, in the study by Zhou et al.,[5] even with Zr modification, cracking was
still observed with faster-than-optimum scan speed, presumably due to changes in cooling rate and the
effect of diffusion.

To that end, AA5083 can be examined as a binary Al-Mg alloy. As demonstrated in Fig. 3(b), the
maximum cracking susceptibility for the Al-Mg alloy was found at 4.5 wt.% Mg. With a minor increase
in a from 0 to 0.05 assumed by some diffusion in solid, the maximum cracking susceptibility shifts to
approximately 6.0 wt.% Mg, and more importantly, the overall magnitude reduced significantly as
shown in Fig. 3(b). Even though the cracking susceptibility is not zero when a@ > 0, the severity of
cracking would be significantly lower than when a = 0. The variances in Mg concentration in the
AA5083 alloy were dependent on varying scan speed. Moreover, only a few Mg concentrations were
evaluated with no peak in cracking severity observed. Therefore, a more complete study would be
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warranted for binary Al-Mg alloys before a conclusion on the cracking tendency of LPBF Al-Mg alloys
can be made.

Cracking Susceptibility of Binary Al-Si Alloy

To further explore the predictive capability of cracking susceptibility, six binary Al-Si alloys whose
compositions were strategically chosen at hypo-, near-, and hyper-eutectic, were gas atomized into
alloy powders, and produced into samples by LPBF for microstructural examination with an emphasis
on legitimacy of Kou’s cracking criterion for LPBF. Procedures for gas atomization and LPBF is briefly
summarized, but they have been published elsewhere in details.[5, 6]

Starting from Al-20 wt.% Si and pure Al master charges, six binary Al-Si alloy powders were gas
atomized by closed-coupled system. Compositions of alloy powders produced were 0.5, 1.0, 2.0, 4.0,
12.6, and 16.0 wt.% Si. The powder particle size distribution, measured with a particle laser
diffractometer (Beckman Coulter LS™ 13 320), had D10 and D90 values of approximately 20 and

90 um, respectively.

SLM 125HL (SLM Solutions) LPBF system equipped with a continuous-wave Yb fiber laser with a spot
size and wavelength of 70 um and 1070 nm, respectively, was utilized in this study. All builds were
performed in an inert N2 atmosphere with the O content lower than 0.5%. The build plate was kept at
100 °C. Simple 12 mm x 12 mm x 12 mm cubes were built from each binary alloy powders. After
extensive LPBF parametric optimization for each alloy,[35] a laser power, scan speed, hatch spacing,
slice thickness, and scan rotation of 350 W, 1600 mm/s, 0.13 mm, 0.03 mm, and 67°, respectively were
identified to yield microstructure with minimum amount of pores (< 0.1 vol.%). To measure crack
density, the line intersect method was performed on five optical micrographs taken on as-
metallographically polished surfaces.

Cracking was observed in alloys with 1.0 and 2.0 wt.% Si. A small number of hairline cracks were also
found in 0.5 wt.% Si but were difficult to distinguish with clarity for quantitative analysis.
Representative optical micrographs for solidification cracking observed in the alloy with 1.0 wt.% Si and
for the fully dense alloy with 12.6 wt.% Si are presented in Fig. 8. Crack density was determined for
each alloy and compared to composition-dependent cracking susceptibility when @ = 0 as shown in
Fig. 9. The maximum cracking susceptibility calculated from Eq. (5) and shown in Fig. 3, occurs at 0.5
wt.% Si, while the maximum crack density from experimental investigation was observed at 1.0 wt.%
Si. While this slight shift in concentration may be considered insignificant given the experimental
uncertainty, Fig. 3(a) indeed shows that an increase in diffusion parameter, a, shifts the maximum
cracking susceptibility to higher Si concentration. Moreover, Fig. 3(a) shows that the maximum
cracking susceptibility occurs at 1.0 wt.% Si when «a is equal to or greater than 0.1. Singer and Jennings
[14] reported maximum severity of cracking at 0.7 wt.% and 0.8 wt.% Si in binary Al-Si alloys using ring
casting and clamped weld experiments, respectively.
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Fig. 8. As-polished optical micrographs from the plane parallel to the build direction used for measuring crack
density in (a) Al-1.0 wt.% Si and (b) Al-12.6 wt.% Si alloys
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Fig. 9. Hot cracking susceptibility and experimentally measured crack density as a function of Si concentration in
binary Al-Si alloys

The Al-Si system was chosen for study to better understand the LPBF process of AlSi10Mg and other Al-
Si based alloys commonly used. However, the Al-Si system exhibited only a minor shift in concentration
where cracking susceptibility is maximum, demonstrated in Fig. 3. Therefore, it is difficult to determine
whether the minor difference in composition between the prediction based on the maximum

|dT/df51/2| and the experimental crack density measurements, was due to experimental inaccuracy,
or was indeed a result of diffusion-assisted mitigation. Due to the drastic change of the solidification
curves in Fig. 2 and 3 for binary Al-Mg, it would be fruitful to perform a similar study on LPBF of binary
Al-Mg alloys. Pumphrey and Lyons [36] performed ring cast and restrained weld experiments on binary
Al-Mg alloys, and reported maximum severity of cracking at approximately 1.0 wt.% and 4.0 wt.% for
casting and welding, respectively. Therefore, the Al-Mg system may be the best to examine the effect
of solid-state diffusion on cracking susceptibility in LPBF.

Summary

Common commercial Al-alloys known to behave well during casting and welding, cannot be processed
with LPBF due to extensive formation of solidification cracking. To help explain the divergence,
diffusionless Scheil-Gulliver model was used to determine the fraction solidified as a function of


https://link.springer.com/article/10.1007/s11669-020-00844-y/figures/8
https://link.springer.com/article/10.1007/s11669-020-00844-y/figures/9

temperature for Al-Si, Al-Mg and Al-Cu binary alloys. The cracking susceptibility was then determined

by the steepness of the solidification curves, |dT/del/2|, as fsl/2 nears complete solidification.
Addition of parameter a, which incorporates some diffusion in solid at high temperature and the
cooling rate, was found to significantly alter the solidification curves and cracking susceptibility. With
an increase in @ parameter corresponding to more diffusion in solid, the maximum cracking
susceptibility shifted to a higher solute concentration, while the magnitude of the cracking
susceptibility decreases drastically. Determination of cracking susceptibility defined by |dT/df51/2|
corresponded well to the solidification cracking experimentally observed in AA5083 (e.g., Al-Mg alloy)
and binary Al-Si alloys. Effects of alloy composition and solid-state diffusion kinetics on cracking
susceptibility would be important considerations in designing new alloys or modifying existing

commercial alloys specific for LPBF.
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