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Abstract

Solidification cracking and liquation cracking have been reported frequently in additive
manufacturing (AM) as well as welding. In the vast majority of weldability tests, a single-pass, single-
layer weld is tested though multiple-pass, multiple-layer welding is common in welding practice. In
AM, evaluating the cracking susceptibility based on the total number or length of cracks per unit
volume requires repeated cutting and polishing of a built object, and the cracks are often too small to
open easily for fracture-surface examination. The present study identified an existing weldability test
and modified it to serve as a cracking susceptibility test for AM. A single-pass, single-layer deposit
of metal powder was made along a slender specimen that was pulled like in tensile testing but with
acceleration. Cracks were visible on the deposit surface and opened easily for examination. The
critical pulling speed, i.e., the minimum pulling speed required to cause cracking, was determined
as an index for the cracking susceptibility. The lower the critical pulling speed is, the higher the
cracking susceptibility. 6061 Al and 7075 Al alloys were selected for testing in view of their high
susceptibility to solidification cracking and liquation cracking in welding, respectively.

Keywords: additive manufacturing; welding; solidification cracking; liquation cracking; directed-
energy deposition; 6061 Al; 7075 Al

1. Introduction

Liquid metals tend to shrink upon solidification, called solidification shrinkage (e.g., 4 % for Al
alloys) [1], and solid metals tend to shrink upon cooling (i.e., thermal contraction). Free contraction
of an alloy can be obstructed during solidification and cooling, e.g., by the walls of the casting mold
and the solid materials connected to the weld being made. Consequently, tension can be induced,
and cracking can occur along a thin grain-boundary liquid that exists during the terminal stage of
solidification of an alloy. The resultant intergranular cracking is called hot tearing in casting [1] and
solidification cracking in both welding and additive manufacturing (AM) [2]. In any case, the fracture
surface is dendritic because cracking occurs during the terminal stage of dendritic solidification. Kou
and coworkers [3-5] have shown why grain refining can reduce solidification cracking [3], why
undercooling due to fast cooling can increase solidification cracking [4], and why back diffusion can
reduce solidification cracking [5]. The first two of these three factors are relevant to AM. In arc
welding, the most effective way to reduce solidification cracking is to change the composition of the
weld metal by using a filler metal different in composition from the base metal [2,6]. This option,
unfortunately, is not available in AM. The effect of the composition, back diffusion, grain refining
and undercooling can all be shown by a simple index for the susceptibility to solidification cracking
proposed by Kou [7,8].

In welding of an alloy, the fusion zone refers to the region in which the alloy melts completely
and solidifies, and the partially melted zone (PMZ) refers to the region immediately outside the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0532.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2025 d0i:10.20944/preprints202509.0532.v1

2 of 21

fusion zone, heated above the liquid-forming temperature, e.g., the eutectic temperature in most Al
alloys [2,6]. Melting occurs only along grain boundaries and at isolated spots within grains. So, liquid
formation, i.e., liquation, occurs along grain boundaries in the PMZ to form a thin grain-boundary
liquid, and intergranular cracking can occur along the grain-boundary liquid in the PMZ, called
liquation cracking. The fracture surface is not dendritic because non-dendritic grains already exist in
the PMZ before cracking. Like solidification cracking in arc welding, the most effective way to reduce
liquation cracking is to change the composition of the weld metal by using a filler metal different in
composition [2,6], but this is not feasible in AM. Decreasing the heat input per unit length of the weld
can decrease the extent of liquation and hence liquation cracking [2]. This is true both in welding and
AM.

Kannengiesser and Boellinghaus [9] reviewed the weldability tests developed to evaluate the
susceptibility of alloys to hot cracking during welding, i.e., solidification cracking, liquation cracking
and ductility-dip cracking. In the vast majority of weldability tests, a single-pass, single-layer weld is
tested though multiple-pass, multiple-layer welding is common in practice. This is because a
weldability test is typically designed to show cracks clearly and evaluate the cracking susceptibility
easily, not to duplicate the welding procedure even when it is a multiple-pass, multiple-layer one.
For example, the effect of the alloy composition on the cracking susceptibility can be shown quickly
to decide how to adjust the composition to reduce the cracking susceptibility. For another example,
the effect of inoculation can be shown quickly to determine which inoculant is effective and how
much is needed.

As in welding, solidification cracking and liquation cracking have also been reported frequently
in additive manufacturing (AM) [10-14] and shown to degrade mechanical properties [11]. In AM
the PMZ of the current pass can be located inside either the substrate or the fusion zone of a previous
pass or layer next to the current pass.

Similar to welding, grain refining has been used in AM to reduce solidification cracking, e.g., by
inoculation [15-17]. A master alloy containing a grain-refining agent was added to the melt and
atomized [15]. Particles of a grain-refining agent were attached to the powder for AM by a special
coating procedure [16]. Ultrasonic grain refining was applied during deposition [18]. Substrate
preheating has been reported to reduce solidification cracking in AM [19,20]. Substrate cooling, on
the other hand, was reported to reduce liquation cracking in AM [21].

In AM most cracks are located inside a built object, not visible from outside. Cracks can be found
by cutting, polishing, and etching at various depths under the surface of the object. Cracks are often
small and difficult to open up to examine the fracture surfaces to identify the type of cracking or
further analyze cracking. The cracking susceptibility is often assessed based on the total number or
length of cracks per unit volume. Naturally, this can be time consuming, and some cracks may be
missed.

The purpose of the present study was to identify a weldability test that could be modified and
used as a test for evaluating the susceptibility to solidification cracking and liquation cracking in AM.
To prove the concept of the test, the present study was conducted to determine the following: 1. if
the test could be conducted inside an Ar-filled chamber for AM, 2. if specimens could be tested one
by one without opening the chamber, 3. if cracks could be readily visible, 4. if fracture surfaces could
be accessed easily to identify the type of cracking, and 5. if the cracking susceptibility under the
deposition and testing conditions used could be determined.

2. Materials and Methods

2.1. Identifying a Weldability Test for AM

A series of specimens needs to be tested to see the differences in their cracking susceptibility in
order to determine the effect of a certain factor on the cracking susceptibility, e.g., the alloy
composition or a process parameter. This is easy in arc welding because it can be done in open air.
However, this can be challenging in AM because it needs to be done in an Ar-filled chamber, e.g., a
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LENS MR? chamber for laser directed-energy deposition. If the chamber has to be opened in order
to remove one tested specimen and mount the next specimen, overnight Ar purging will be required
to remove oxygen from the chamber. So, specimens need to be tested one by one without opening
the chamber. Typically, two long rubber gloves at the front panel of the chamber are available for
specimen manipulation inside the chamber.

Since many weldability tests have been developed and their reliability has been verified
extensively [9], it is desirable to identify a weldability test that can be modified into a test for
evaluating the cracking susceptibility of alloys in AM. However, the authors are unaware of any
existing weldability tests being used in AM.

In the present study, the first step was to identify an existing weldability test that potentially
could be modified into a cracking susceptibility test for AM. Which weldability test is a good
candidate may become obvious after it has been identified and tried but certainly not before. During
the course of the present study, it became increasingly clear to the authors that a weldability test with
any of the following requirements might be difficult to use for AM:

(1) Lengthy specimen mounting/removal: A weldability test such as the Sigmajig test [22] uses
many (ten) screws to clamp down a specimen and pre-stretch it. This lengthy procedure can be
difficult to perform with gloves from outside an Ar-filled chamber.

(2) Welding along a joint: Since a single-pass, single-layer deposit is narrow and shallow, precise
alignment with a joint and melting/wetting both sides of the joint can be difficult. For example, the
Circular-Patch test [23] has a butt joint, and the Transverse-Tension Weldability test [24] has a lap
joint.

(3) Transverse tension during welding: The workpiece is typically greater in length than width.
So, transverse tension, e.g., in the Controlled-Tension Weldability test [25], requires a heavier
horizontal tensile testing machine than longitudinal tension.

(4) Instantaneous tension during welding: The widely used Varestraint test [26] is an example.
Since the liquid pool in arc welding travels slowly, the tension applied instantaneously has risen to
its full level before the pool travels significantly. However, since the liquid pool in AM travels fast,
the pool has already moved significantly while the tension is still rising, i.e., the applied tension varies
along the deposit.

(5) Automatic crack initiation at specimen’s leading edge: A weld pool fully penetrating through
the specimen at its leading edge may initiate cracks automatically when the pool travels inward, e.g.,
in the Houldcroft test [27]. In AM, the liquid pool can be too shallow to penetrate through the
thickness of the specimen.

(6) Automatic crack initiation in a pre-stressed specimen: When a rectangular specimen is pre-
stressed in the longitudinal direction [28,29] before welding, cracks may be initiated near a weld pool
that penetrates through the thickness of the specimen. Examples included a specimen thickness of
2.3 mm in arc welding [28] and 2.0 or 5.7 mm in laser welding (in the so-called U-Type Hot Cracking
test [29]). Since the liquid pool is shallow in AM, cracks may not be initiated.

The present study identified one weldability test that does not have any of the six requirements
mentioned above. It was a German weldability test called the PVR test [30-32], which in German
stands for the Programmierter (Programmable) Verformungs (Deformation) Riss (Crack) test [30].
Figure 1 shows an example of the PVR test [32], with a rectangular plate as the specimen, 300 mm
long, 40 mm wide and 3.5 mm thick. The specimen is joined to a grip at each end. One end is fixed,
and the other is pulled as in tensile testing to induce cracking near the weld pool while the specimen
is welded along its centerline at the welding speed V.. Pulling is accelerated linearly with time. The
pulling speed Vyun at which the first crack forms represents the minimum pulling speed required for
cracking, i.e., the critical pulling speed Ve, which can be determined as follows:

Ve=a (Llst / Vweld) (1)
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where a is acceleration and Li«is the distance between the first crack and the starting end of the weld.
The ratio List / Vwea represents the time available for acceleration. Ver can be considered as an index for
the cracking susceptibility. The lower V. is, the higher the susceptibility to cracking.

The PVR weldability test
(a) Longitudinal cross-section tunasten | = welding speed, Viyeiq
] electrode )
pin weld (no filler metal) arc (travellin pin
grip specimen (stationary) grip
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Figure 1. The PVR test for cracking susceptibility in welding: (a) longitudinal cross-section along specimen

centerline; (b) top view. Adapted from Yushchenko et al. [32].

The second step was to check the reliability of the PVR test. According to the review by
Kannengiesser and Boellinghaus [9], “The PVR-test is a convenient tool principally for arc welding,
laser beam welding, and hybrid welding with or without filler material. It has been standardized in
ISO17641 [33] owing to its high repeat accuracy and ease of handling.” and “The PVR test can be used
to investigate all types of hot cracks.” So, the PVR test is reliable and potentially can be modified into
a susceptibility test for solidification cracking and liquation cracking in AM.

2.2. The Proposed Cracking Susceptibility Test for AM

The third step was to modify the PVR test as a test for evaluating the cracking susceptibility in
AM as follows. The tensile testing machine selected was compact enough to fit in an Ar-filled
chamber designed for AM. The workpiece (i.e., the specimen) travelled because the heat source (i.e.,
the laser beam) was stationary. So, the tensile test machine selected was light enough to travel quickly
with the base that supported it and the specimen. A slender specimen was designed to allow pulling
by a compact light tensile test machine. Lastly, metal powder was fed into the stationary laser beam.

Asillustrated in Figure 2, the substrate was in the form of a slender tensile test specimen (details
described later), mounted on a base that traveled at the speed Vi under a stationary laser beam, to
which metal powder was fed to deposit powder along the specimen. While one end of the specimen
was fixed on the base, the other end was pulled at the speed Vyu: by a preprogrammed servomotor.
This test can be extended to study the effect of substrate preheating on cracking by heating the
specimen from below.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A test for susceptibility to solidification and liquation cracking in additive manufacturing
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Figure 2. The test proposed in the present study: (a) longitudinal cross-section along specimen centerline; (b) top
view of specimen; (c) critical pulling speed for solidification cracking, (Ver)sc; (d) critical pulling speed for

liquation cracking (Vir)Lc. The lower the critical pulling speed is, the higher the cracking susceptibility.

The specimen was a pin-loaded specimen, with two end sections and a slender gauge section in
between. The end sections were similar to those in a flat specimen for tensile testing. The dimensions
shown in Figure 2 were chosen to be similar to those of Kotkunde et al. [34] for ASTM E8/E8M-11
sub-size standard specimen, but the length of the gauge section was extended to 365 mm in order to
accommodate very fast deposition speeds (e.g., 100 mm/s) if needed. However, this length could be
reduced significantly as the typical travel speed in laser directed energy deposition can be much
slower. The use of a pin-loaded tensile test specimen allowed a specimen to be mounted and removed
easily from outside the Ar-filled chamber. Prior to the test, both the travel of the base and the
accelerated pulling of the specimen were preprogrammed with the help of two servo motors [35].

The distance between the first crack and the starting end of the deposit Li+ was measured after
the test. The quantity (List / Viese) represents the available deposition time at constant acceleration from

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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zero travel speed to Vus. Since the travel speed Vs is much greater than Vi, the critical pulling
speed velocity can be determined as follows:

Ver=a (Llst / Vbuse) (2)

Asin the PVR test, Vi can be considered as an index for the cracking susceptibility, i.e., the lower
Ver is, the higher the cracking susceptibility.

6061 Al alloy was selected in view of its high susceptibility to solidification cracking in welding
[36-38]. Spherical gas-atomized 6061 Al powder, supplied by Valimet, Inc., Stockton, CA, was used
for directed energy deposition by laser. In gas-metal arc welding, the susceptibility of 6061 Al to
solidification cracking was tested by welding a 6061 Al workpiece with a 6061 Al wire as a matching
filler metal [38]. So, in AM by laser directed energy deposition, the susceptibility of 6061 Al to
solidification cracking was tested by depositing 6061 Al powder on a 6061 Al substrate. Since
solidification cracking occurs in the region where the substrate is melted completely, whether the
substrate is a wrought 6061 Al or an AM-prepared 6061 Al does not matter. What matters is the
composition of the deposit. Thus, for convenience, wrought 6061 Al was used as the substrate.

6061 Al powder was also deposited on a 7075 Al substrate in view of the high susceptibility of
7075 Al to liquation cracking in welding [39,40]. For convenience, wrought 7075 Al was used as the
substrate. This represented the case of a PMZ in the substrate at the start of AM. To consider a PMZ
in a previous pass or layer next to the liquid pool during AM, a groove can be prepared in a wrought
7075 Al sheet and filled with laser-deposited 7075 Al powder. The groove can be about 3 mm wide
and 2 mm deep (wider and deeper than the deposit expected in a cracking-susceptibility test) and
longer than the expected Lit. Waterjet-cutting the sheet and milling the top surface flat can help
prepare a specimen with laser deposited 7075 Al along its centerline. Table 1 shows the compositions
of the alloys.

Table 1. Compositions of Al-6061 and Al-7075 specimens.

Wt% | Cr Cu |Fe Mg | Mn | Si Ti Zn | Al
6061 | 020 |033 |06 |10 |0.08 |0.72 |0.02 |0.1 | balance
7075 1019 |15 |017 |24 |0.03 |0.07 |0.03 |57 | balance

Experiments were conducted inside a LENS® chamber (Optomec MR-7®). It was a lab-scale unit
for laser directed-energy deposition in an Ar-filled chamber, with an X-Y table for specimen motion.
Two long rubber gloves on the transparent front panel allowed specimen manipulation in the
chamber. The powder was filled in one of the four hoppers connected to the system. Ar flow gas was
used to bring the powder from the hoppers into the laser path to be melted and deposited on the
specimen. A 1-kW Nd:YAG fiber laser was used, with a 1070 nm wavelength and a 600 um spot size.
The experimental parameters are shown in Table 2. The powder feed rate was set at 10 rotations per
minute (rpm) on the LENS hopper rotors, which amounted to 6.8 gm/min of the powder feed rate.

Each specimen was inspected for cracks after testing. If cracking occurred, the V- value was
determined by Eq. (2) for the deposition and testing conditions used in the test. The fracture surfaces
were examined using scanning electron microscopy (SEM) to confirm the type of cracking.

Similar to welding [2], if a group of Al alloys of different compositions needs to be ranked in the
cracking susceptibility, they should all be tested under identical conditions so that their cracking
susceptibility can be compared. In the present study 6061 Al alone was tested for the susceptibility to
solidification cracking. However, since several different testing conditions were tried in the course of
the present study, the effect of the test conditions on the value of Vercan be discussed subsequently.

Table 2. Deposition parameters, solidification cracking (SC) and liquation cracking (LC)*.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Critical pulling speed V. for SC (mm/s)
Critical pulling speed Vi for LC (mm/s)

Deposit length at 1st SC, List (mm)
Deposit length at 1st LC, List (mm)

@
E —~~
E | &
g &
S | & | =
5 i §
o 2 < g=!
() o S g
g o 3 3
: 5 | E |
Q. I s o
[95) — = <

6061-P2 350 75 0.020 |1

6061-P3 400 7.5 0.020 |2
6061-P5 350 6.5 0.050 |1 82-93 | 0.67+0.04
6061-P7 400 6.5 0.050 | 197 82 0.63
6061-P9 400 7.0 0.050 | 154 91-97 | 0.67+0.02

8 | B3 | 3 [Total deposit length (mm)

7075-P3 400 6.0 0.010 | 114
7075-P4 400 6.0 0.025 | 89 77 0.32
7075-P6 350 6.0 0.030 | 121 86 0.43
*Powder feed rate: 6.8 g/min (10 rpm).

3. Results

The experimental results are summarized in Table 2. “6061” indicates specimens with 6061 Al
as the substrate, and “7075” specimens with 7075 Al as the substrate. As mentioned previously, the
powder was 6061 Al in both cases, fed at 6.8 g/min.

3.1. Solidification Cracking Susceptibility

Specimen 6061-P2 was tested by depositing 6061 Al powder at on a 6061 Al substrate at laser
power P=350 W, Viue =7.5 mm/s and a=0.020 mm/s2. No solidification or liquation cracking occurred.
The deposit was thin (< 1 mm width) and discontinuous initially, suggesting 350 W was too low for
a 7.5 mm/s travel speed of 6061 Al substrate. A higher laser power, e.g., 400 W, might be needed.

Specimen 6061-P3, shown in Figure 3, was tested by depositing 6061 Al powder on a 6061 Al
substrate at P =400 W, Viue =7.5 mm/s and a = 0.020 mm/s2. The energy per unit length of the deposit
=53.3 J/mm (i.e., 400 W + 7.5 mm/s). The deposit is 223 mm long. The pulling speed rose linearly from
0 mm/s at the start of the deposit to 0.59 mm/s at the end, i.e., 0.020 mm/s? x (223 mm/s + 7.5 mm/s).
As can be seen in Figure 3, no solidification or liquation cracking is visible.

Two comments can be made as follows. First, incompletely melted metal powder is visible at the
top surface of the deposit. However, as will be shown subsequently by the transverse cross-section
of the specimen, incompletely melted metal powder existed only as a thin layer at the top surface of
the deposit and did not affect the validity of the test.

Second, the deposit deviates from a straight-line path. During pulling, local deformation of the
6061 Al specimen at the pins (Figure 2a) caused the gauge section of the tensile specimen to shift
slightly in the lateral direction. This deformation seems consistent with the excellent extrudability of
6061 Al through dies in the production of 6061 Al channels and pipes. Increasing the pin diameters
or the thickness of the end sections may decrease the deformation and improve the straightness of
the deposit.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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): no cracking, 400W, 7.5mm/s, 0.020mm/s’

 6061-P3 (6061 Al powder & substrate

R

Figure 3. Specimen 6061-P3 showing no solidification cracking. The deposit starts at 0 mm and ends at 223

mm.

To increase the chance of solidification cracking, Specimen 6061-P9 was made at P =400 W, Vias
=7.0 mm/s and a significantly higher acceleration of 2 = 0.050 mm/s2. So, the energy per unit length
of the deposit = 57.1 J/mm (i.e.,, 400 W + 7.0 mm/s). As shown in Figure 4, solidification cracking is
now visible in the deposit. The crack at 97 mm (from the starting point of the deposit) is the first one
that runs across the width of the deposit (i.e., fusion zone) and is taken as the first solidification crack.
According to Eq. (2), the critical pulling speed Ver = a (List / Viuse) = (0.05 mm/s?) (97 mm / 7.0 mm/s) =
0.69 mm/s. An alternative is to consider the shorter cracks earlier as well. That is, the 1st solidification
crack is located at 91 to 97 mm (i.e., 94 + 3 mm), corresponding to Ver = 0.67 + 0.02 mmy/s. This value is
greater than the Ver = 0.59 mm/s at the end of the deposit in 6061-P3, consistent with no solidification
cracking in 6061-P3.

r(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Specimen 6061-P9 showing solidification cracking: (a) lower magnification; (b) higher magnification

showing first solidification crack at (List)sc = 91 — 97 mm from starting point of deposit.

Figure 5 shows solidification cracking in Specimen 6061-P5. 6061 Al powder was deposited on a
6061 Al substrate at P =350 W, Viuse = 6.5 mm/s and a = 0.050 mm/s2. The energy per unit length of the
deposit was 53.8 J/mm (i.e., 350 W + 6.5 mm/s). As shown in Figure 5, List+= 82 - 93 mm or 87.5+ 5.5
mm. So, Ver = a (List / Viase) = (0.050 mm/s?) (87.5 £ 5.5 mm / 6.5 mm/s) = 0.67 + 0.04 mm/s.

6061-P5 (6061 Al powder & substrate): solidification cracking, 350W, 6.5mm/s 0.050mm/s’

i

Figure 5. Specimen 6061-P5 showing solidification cracking: (a) lower magnification; (b) higher magnification
showing first solidification crack at (List)sc = 82 — 93 mm from starting point of deposit.

3.2. Liquation Cracking Susceptibility

Figure 6 shows Specimen 7075-P3, which was prepared by depositing 6061 Al powder on a 7075
Al substrate at P = 400 W, Vise = 6.0 mm/s and a = 0.010 mm/s2. The energy per unit length of the
deposit = 66.7 J/mm (i.e., 400 W + 6.0 mm/s). The deposit is 114 mm long (a section of that was cut off
for metallography), and no solidification or liquation cracking is visible. The pulling speed rose
linearly from 0 mm/s at the start of the deposit to 0.19 mm/s at the end, i.e., 0.010 mm/s? x (114 mm/s
+6 mm/s).

7075-P3 (6061 Al powder, 7075 Al substrate):. no cracking, 400W, 6.0mm/s 0,010mml52
E STELT, : SesiRa 2 R e :

SN RN NN EERE RN ERNEEREEERREE)

Figure 6. Specimen 7075-P3 showing no liquation or solidification cracking: (a) lower magnification; (b) higher

magnification. A section of the specimen about 40 mm long was cut off for metallography, not included in the

photos.
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To increase the chance for liquation cracking, Specimen 7075-P4, shown in Figure 7, was
prepared still at P =400 W and Ve = 6.0 mm/s but with a faster acceleration of a = 0.025 mm/s2. The
thinner deposit in the 1st 10 mm was an old one made at a lower laser power. After a thin old deposit
had cooled down, a new deposit was made. So, the energy per unit length of the new deposit was
still 66.7 J/mm (i.e., 400 W + 6.0 mm/s). Liquation cracking caused the specimen to break into two
pieces. The first liquation crack occurred at 77 mm, and it ran across the entire width of the specimen
including the fusion zone. According to Eq. (2), the critical pulling speed Ver = a (List / Viuse) = (0.025
mm/s?) (77 mm / 6.0 mm/s) = 0.32 mm/s. The maximum pulling speed at the end of the deposit on
specimen 7075-P3 (Figure 6), i.e., 0.19 mm/s, was still below this critical pulling speed, consistent with
no liquation cracking in 7075-P3.

2

Figure 7. Specimen 7075-P4 showing liquation cracking in the substrate propagating through the specimen and
breaking it into two pieces: (a) (b) lower magnifications; (b) higher magnification showing the first liquation
crack at (List)sc = 77 mm from the starting point of the new deposit, which was made after the old deposit had

cooled down.

Figure 8 shows liquation cracking in Specimen 7075-P6, in which 6061 Al powder was deposited
on a 7075 Al substrate at P =350 W, Viuse = 6.0 mm/s and a = 0.030 mm/s2. The crack was normal to the
specimen, and it ran across the specimen, breaking it into two pieces. The portion of the specimen
indicated by the rectangular box was cut off for examination of the fracture surfaces. The energy per
unit length of the deposit = 58.3 J/mm (i.e., 350 W + 6 mm/s). Figure 8a shows Li+= 86 mm. So, Ver=a
(List / Viase) = (0.030 mm/s?) (86 mm / 6.0 mm/s) = 0.43 mmy/s. This is higher than the Ver = 0.32 mm/s in
Specimen 7075-P4 (Figure 7), thus suggesting a lower susceptibility to liquation cracking. Again,
liquation cracking in the substrate propagated through the specimen, breaking it into two pieces.
Figure 8b shows Specimen 7075-P6 at a higher magnification. The deposit came off at a few spots
during clamping and cutting of the specimen for SEM examination of the fracture surfaces. Bonding
between the deposit and the substrate was better after 65 mm from the starting point of the deposit.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Specimen 7075-P6 showing liquation cracking in the substrate propagating through the specimen and
breaking it into two pieces: (a) lower magnification showing first liquation crack at (List)sc = 86 mm from starting
point of deposit (material in rectangular box was cut off for examination of fracture surfaces); (b) higher

magnification.

3.3. Fracture Surfaces

Figure 9 shows the SEM images of the fracture surface of Specimen 7075-P6 that was prepared
at P =350 W, Viase = 6.0 mm/s and a = 0.030 mm/s2. The image is rotated 90° counterclockwise from its
horizontal position. In the higher-magnification image, the deposit is on the left side and the substrate
on the right. Columnar grains grew epitaxially from the substrate into the deposit. Some metal
particles did not melt completely at the top surface. However, complete melting occurred during
deposition within the area occupied by the columnar grains. Thus, the incomplete melting of some
particles at the top surface of the deposit could not have affected the test result significantly.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. SEM image of fracture surface of Specimen 7075-P6 (350W, 6.0 mm/s and 0.030 mm/s?) showing
liquation cracking in the substrate propagating through the deposit (as solidification cracking) and breaking the
specimen into two pieces: (a) lower magnification; (b) higher magnification. The specimen is rotated 90 degrees

counterclockwise, so its top surface is on the left side of SEM image and its bottom surface on the right.

Figure 10 enlarges a portion of the fracture surface near the interface between the deposit, which
is dendritic, and the substrate, which is nondendritic. The dendritic fracture surface on the deposit
side can be seen more clearly in Figure 11. Thus, liquation cracking occurred in the substrate, and it
propagated as solidification cracking through the deposit, which is a very common phenomena in
welding [2,41].

Fracture surface of 7075- P6 at fusion boundary, 350W 6 Omm/s, 0. 030mm/s

EMT= 200KV Sample = 7075 P-6 Signal A= fnLens
WwD= 29 mm Mag= 500 X

FE—— S TN o) T2k RN, ¥

Figure 10. SEM image of fracture surface of Specimen 7075-P6 (350W, 6.0mm/s and 0.030 mm/s?) showing
liquation cracking in the substrate (right side; intergranular nondendritic grains aligning in the rolling direction)

and solidification cracking in the deposit (left side; intergranular dendritic grains).

Fracture surface of 7075- P6 Ilquatlon cracking, 350W, 6.0mm/s, 0. 030mm/s”
" B —

EHT=10.00 k¥ S:gnaIA InLens X
- s 150 KX Sample: 7075-P6 w

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0532.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2025 do0i:10.20944/preprints202509.0532.v1

13 of 21

Figure 11. SEM image of fracture surface of the deposit in Specimen 7075-P6 (350W, 6.0mm/s and 0.030 mm/s?)

showing solidification cracking (intergranular dendritic grains).

As will be explained subsequently, the extent of liquation can become significantly higher if the
distance between the deposit and the edge of the specimen is shortened. This can cause more
significant liquation along the grain boundaries in the substrate next to the deposit, and liquation
cracking can occur prematurely. Figure 12 shows Specimen 6061-P7 prepared by depositing 6061 Al
powder on a 6061 Al substrate at P =400 W, Viuse = 6.5 mm/s and a = 0.050 mm/s2. As shown, liquation
cracking occurred prematurely when the distance between the deposit and the specimen edge was
shortened suddenly due to deformation of 6061 Al at the pins during pulling. Liquation cracking
occurred at 82 mm from the starting point of the deposit. This and many other liquation cracks
propagated as solidification cracks into the deposit. On the opposite side of the deposit, liquation
cracks were very short or not visible because there was much more substrate material to act as a
bigger heat sink to reduce liquation. The liquation crack at 148 mm initiated fracture, and the
specimen bent significantly before rupture. This is because the substrate between the deposit and the
opposite specimen edge was much less liquated, still able to deform during pulling.

, 6.5mm/s, 0.050mms2

Figure 12. Specimen 6061-P7 showing liquation cracking in the substrate propagating through the deposit (as

solidification cracking): (a) lower magnification; (b) higher magnification.

Figure 13 shows the fracture surface of Specimen 6061-P7. Figure 14 enlarge an area near the
interface between the deposit and the substrate. As shown, cracking is intergranular on both sides of
the interface. It is dendritic in the deposit, thus confirming solidification cracking. It is nondendritic
in the substrate near the deposit, on the other hand, thus confirming liquation cracking.

2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 13. SEM image of fracture surface of Specimen 6061-P7 (6061 Al deposited with 6061). The sample is
rotated 90 degrees counterclockwise, so its top surface is on the left side of SEM image and its bottom surface on
the right.

Fracture surface of 6061-P7 at fusion boundary, 400W, 6.5mm/s, 0.050mm/s?
T - - [ X
; T N, ; ‘_,4 )
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Figure 14. Center of the SEM image of Sample 6061 P7 in Figure 13 enlarged to show the fracture surface near
the fusion boundary, which is dendritic in the deposit (solidification cracking) and nondendritic in the nearby
substrate (liquation cracking).

Figure 15 enlarges the columnar dendrites in the deposit. The primary dendrite arm spacing was
about 0.7 pm, measured across several dendrites as indicated by the broken rectangle. As shown in
Figure 16, this corresponds to a cooling rate of about 500 K/s based on the data for alloy Al-3Cu-1Li
as an approximation [42].

Fracture surface of 6061-P7 at fusion boundary, 400W, 6.5mm/s, 0.050mm/s2
: i —

) S

EHT = 2.00 kV Signal A = InLens
WD= 29 mm Mag= 1.00KX

Figure 15. SEM image showing cellular/dendritic fracture surface of Sample 6061 P7, confirming solidification

cracking in the deposit.
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Figure 16. Primary dendrite arm spacing vs. cooling rate of Al-3Cu-1Li alloy as an approximation for 6061 AL
Adapted from Santos et al. [42].

4. Discussion

4.1. Solidification Cracking Susceptibility

As mentioned previously, different Al alloys can be tested under identical conditions to compare
the effect of the alloy composition on the susceptibility to solidification cracking [2]. In the present
study 6061 Al alone was tested for susceptibility to solidification cracking. However, since different
testing conditions were tried in the course of the present study, the effect of the test conditions on the
value of Vircan be discussed as follows.

Specimen 6061-P5 (Figure 5) can be compared with Specimen 6061-P9 (Figure 4) as follows. The
heat input per unit length of the deposit was 53.8 J/mm for 6061-P5, slightly lower than that of 57.1
J/mm for 6061-P9. In arc welding, a lower heat input per unit length of the weld can lead to a lower
susceptibility to solidification cracking [43]. From this point of view, 6061-P5 can be expected to be
slightly less susceptible to solidification cracking than 6061-P9, and hence a slightly higher Ve
However, Ve = 0.67 for both 6061-P5 and 6061-P9. The susceptibility of 6061 Al to solidification
cracking in arc welding can be much less sensitive to a change in the heat input per unit length of the
weld (e.g., caused by doubling the welding speed) than to a change in the composition of the fusion
zone (e.g., caused by changing the filler metal from 6061 Al to 4043 Al) [38]. Thus, it can be
hypothesized that a relatively small change in the heat input per unit length of the deposit may not
affect Ver significantly.

4.2. Liquation Cracking Susceptibility

For Specimen 7075-P6 (Figure 8), the heat input per unit length of the deposit was 58.3 J/mm,
and the critical pulling speed Ve = 0.43 mm/s. For Specimen 7075-P4 (Figure 7), the heat input per
unit length of the deposit was higher at 66.7 J/mm, and the critical pulling speed was lower at Vo =
0.32 mm/s. The lower heat input for 7075-P6 suggests less liquation, less chance for liquation cracking
to occur, and hence a higher V.r indicating a lower cracking susceptibility. This is consistent with the
susceptibility to liquation cracking increasing with increasing heat input in laser additive
manufacturing of Inconel 718 [44]. In arc welding, a lower heat input per unit length of the weld
suggests less liquation and hence less liquation cracking [2].

Since 6061 Al powder was deposited on 7075 Al as well as 6061 Al, the effect of the substrate
composition on the susceptibility to liquation cracking can be discussed. Specimen 7075-P6 (Figure
8) is compared with Specimen 6061-P9 (Figure 4) as follows. The 6061-P9 deposit was prepared with
the heat input of 57.1 J/mm (i.e., 400 W + 7.0 mm/s) and the acceleration of 0.050 mm/s2. No liquation
cracking occurred (solidification cracking occurred at 91 — 97 mm). As for Specimen 7075-P6, the heat
input was 58.3 J/mm (i.e., 350 W + 6.0 mm/s), very close to the 57.1 J/mm of 6061-P9, and the
acceleration a = 0.030 mm/s? was significantly lower than a = 0.050 mm/s? in 6061-P9. Yet, liquation
cracking occurred in 7075-P6 but not 6061-P9. This suggests 7075 Al is much more susceptible to
liquation cracking than 6061 Al similar to arc welding [40]. Thus, more liquation cracking can be
expected in building a 7075 Al part from 7075 Al powder than in building a 6061 Al part from 6061
Al powder under similar AM conditions.

4.3. Effect of Substrate and Deposit Location

Figure 17 illustrates the effect of the substrate material and the deposit location on the
susceptibility to liquation cracking. For illustration, grain boundaries are shown to be normal to the
pulling direction (similar to Figure 10). Liquation cracking might be easier to occur when grains are
normal to the pulling direction [2].
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As mentioned previously, 7075 Al (Figure 17a) is more susceptible to liquation cracking than
6061 Al (Figure 17b). The difference can be explained based on the curves of temperature T vs. fraction
of solid fs of 6061 Al and 7075 Al shown in Figure 18. The curves were calculated based on their
compositions shown in Table 1, using the thermodynamic software Pandat [45] and aluminum
database PanAl [46] of CompuTherm, LLC based on the Scheil-Gulliver solidification model [1]. The
portion of the T-fs curve near the end of solidification, i.e., the eutectic temperature, is much wider
and lower for 7075 Al than 6061 Al. The fraction of eutectic could have been somewhat reduced by
heat treating after casting. Upon heating during welding or AM, however, the eutectic reaction occurs
again. During heating, the reaction can be expected to occur earlier in 7075 Al and form significantly
more liquid along grain boundaries to weaken them. This can explain why 7075 Al is more
susceptible to liquation cracking than 6061 Al.

Effect of substrate material and deposit location relative to substrate edge on liquation

pulling
@0 T P et Ot et 1
PMZ (S+L) substrate PMZ (S+L)
wider \ .-esseea, o 5 narrower ~ __..___
\' _____ ~ liquated .- .
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B 5| § g
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PMZ (S) deposit (S)
substrate more substrate less | substrate like (b) but deposit
susceptible to liquation susceptible to liquation close to substrate edge

PMZ: partially melted zone; GB: grain boundary; liquation: liquid formation

Figure 17. Effect of substrate and deposit location on liquation: (a) 7075 Al substrate; (b) less liquation in 6061 Al
substrate; (c) liquation in 6061 Al substrate worsens if deposit gets close to substrate edge. For illustration, grain

boundaries are shown normal to pulling direction (similar to Figure 10).
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Figure 18. Curves of temperature vs. fraction of solid for 6061 Al and 7075 Al
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If the deposit gets close to the one edge of the 6061 Al substrate (Figure 17c), liquation can
become much more severe in the PMZ close to that edge because much less substrate material is
available to act as a heat sink, i.e., the edge behaves like a thermal insulation. Consequently, liquation
cracking can be promoted (Figure 12).

Before closing, it is worth mentioning that the test can be improved in future studies. The first
improvement is to reduce the deviation of the deposit from a straight-line path. Increasing the pin
diameter or end-section thickness (Figure 2) can be tried. The second improvement is to melt the
surface of the deposit completely. Optimizing the laser power and the base travel speed can be tried.
The third improvement is to melt the substrate surface from the starting point of the deposition. Laser
heating the substrate briefly before the base starts traveling can be tried.

5. Conclusions

(1) The PVR weldability test has been selected, modified and used as a test for evaluating the
susceptibility to solidification cracking and liquation cracking in AM. In this test a single-pass,
single-layer deposit is made along a slender specimen that is pulled like in tensile testing but
with acceleration.

(2) The test can be conducted in an Ar-filled chamber for AM. Specimens can be tested one by one
without having to open the chamber.

(3) Solidification cracks are visible on the surface of the deposit.

(4) Liquation cracks are visible in the substrate near the deposit, and they can propagate through the
specimen.

(5) The fracture surfaces are readily accessible for examination by SEM. Dendritic fracture surfaces
of the deposits have confirmed solidification cracking. Nondendritic fracture surfaces of the
substrates showing intergranular cracking have confirmed liquation cracking.

(6) The critical pulling speed for solidification cracking can be determined as an index for the
cracking susceptibility under the conditions of deposition and testing used in the test, so can that
for liquation cracking. In either type of cracking, the lower the critical pulling speed is, the higher
the cracking susceptibility.

(7) The results of the present study can be considered as a proof of concept for this AM cracking-
susceptibility test.

6. Patents

S. Kou, Patent Application Publication No. US 2024/0139811 Al, May 2, 2024, submitted by
WAREF of University of Wisconsin-Madison, October 28, 2022.
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The following abbreviations are used in this manuscript:

AM Additive Manufacturing

PMZ Partially Melted Zone

PVR Programmierter (Programmable) Verformungs (Deformation) Riss (Crack)
SEM Scanning Electron Microscopy
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