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The Effects of Postweld Processing on Friction Stir
Welded, Additive Manufactured AlSi10Mg

An examination of postweld heat treatments and hot isostatic pressing on the
overall joint quality and mechanical performance
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Abstract

Given the limited build volumes for most current
additive manufacturing (AM) machines, a method
for taking advantage of the unique capabilities
offered by AM while combining it with traditional
manufacturing methods is needed. Welding of
AM-produced components is a solution to this
challenge. The objective of this study was to
determine the feasibility of using friction stir
welding (FSW) to join AISi10Mg melted with
laser powder bed fusion (PBF-L) and examine the
effects of postweld heat treatment (HT) and hot
isostatic pressing (HIP) on overall joint quality and
mechanical performance. Samples were examined
using optical microscopy, scanning electron
microscopy, hardness testing, and tensile testing.
Examination of the samples that underwent a
postweld annealing HT revealed cracking along
the stir zone and the thermomechanically affected
zone (TMAZ) boundary. Examination of the crack
revealed evidence of liquation near single-phase
silicon precipitates in the TMAZ despite the
annealing temperature being 27°C (81°F) below
the solidus temperature of the material according
to the material specification. Using a calculated
pseudobinary phase diagram of AlSi10Mg, the
annealing HT was determined to be in the partial
liquation regime for AISi1OMg. The voids and crack
formation mechanisms were determined to be
caused by constitutional liquation coupled with the
unique TMAZ microstructure and stress state. The
as-welded and HIP coupons were void and defect
free, and FSW was determined to be a feasible
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method of joining PBF-L aluminum alloys with
minimal knockdown in tensile strength.
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Introduction

RESEARCH

Additive manufacturing (AM) of components offers advan-

tagesin design flexibility, rapid prototyping, and small-volum

e

production of components. AM features a range of build com-

plexities and build times with the two often having a negativ

e

correlation. Detailed and higher-quality builds take hours or

even days depending upon build size (Ref. 1). As the volum

e

ofthe AM build increases, the time and cost and chances for

aqualityissue are all negatively impacted (Ref.1). Ametho

d

for taking advantage of the unique capabilities offered by AM
while combining it with traditional manufacturing methods,
such as extrusions, castings, machined components, pre-
forms, and forgings, is needed to optimize production speed,
improve flexibility of the overall method, improve quality,
and ensure a cost-effective solution (Refs. 2, 3). Welding of
AM-produced componentsis one such solution that enables
traditional manufacturing techniques to be mated with AM.
Welding also allows for the production of larger AM parts
than can fit within the build volume of current AM machines.

Welding of laser powder bed fusion (PBF-L) parts an
other AM-produced parts is challenging. As the parts ar

d
e

created by PBF-L, only small volumes of material are melted,

and they are often highly compositionally segregated as
result of solidification. Additionally, the repeated heatin
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Fig. 1 — Crack formed during quenching (anneal and
quench postprocessing).

and cooling of the part can lead to a unique residual stress
profile within the component. Materials that are more resis-
tant to solidification cracking, such as steel and titanium,
have been successfully printed using AM and welding (Refs.
4-6). Cracking of AM components when welded has been
observed in 304 stainless steel despite the material being
readily joined via fusion-based processes. The severity of
cracking increases with melt pool size during laser welding
(Ref. 7). Solid-state welding has been demonstrated to join
PBF-L aluminum (Al) parts and results in a defect-free joint
(Refs. 8,9). Solid-state welding technologies, including fric-
tion stir welding (FSW), alleviate the potential for liquation
cracking because no melting typically occurs (Ref.10). FSW
can join complex geometries and results in reduced residual
stresses when compared to fusion welding (Refs.10-13).

This work focused on the joining of additive manufactured
AlISi10Mg using FSW. Alloy AlISi10Mg is a common choice for
PBF-L of Al because it is readily printed. As printed, it pos-
sesses an ultimate strength of 440 MPa and ayield strength
(YS) of 240MPa, which are changed to 320 and 250 MPa,
respectively, after a solution anneal at 530°C (986°F) fol-
lowed by an aging step at165°C (329°F) (Ref.14). Ductility is
improved from 4 to 8% by the heat treatment (HT), which also
results in a reduction in residual stress (Ref. 14). HT at high
temperaturesis recommended because itincreases plasticity
during failure by values up to 2.8 times and greatly improves
fatigue performance (Refs. 15, 16). The microstructure of
AISi10Mg as printed consists of eutectic silicon (Si) along
the dendrite boundaries in a matrix of supersaturated o.-
aluminum, butitis typically nonhomogenous due to multiple
heating and cooling cycles as well as solidification behavior

Table 1 — AISi10Mg Material Composition (wt-%)

(Refs.17,18). Micropores and other large discontinuities
are often observed in the microstructure (Refs. 16,19, 20).
During HT, the eutectic Sidiffuses into discontinuous precip-
itates of spheroidized primary Si, which has been observed
in both stress relief cycles (250-350°C/482-662°F) and
solution anneal treatments (530°C/986°F) (Refs. 17, 21).
The spheroidized particles grow in size with higher elevated
temperatures and during aging cycles (Ref. 15).

In this work, plates printed with PBF-L were joined via
FSW in the butt joint configuration. The effects of postweld
processing on mechanical performance and weld micro-
structure were evaluated. Aluminum alloys have limited AM
applications because most commercial alloys are prone to
solidification defects, have poor as-built quality, and require
high laser power to break down the Al oxide layer on the
powder (Refs.11,22). Alloy AI10SiMg is one of the few Al AM
materials because it is a eutectic alloy with a small solidifi-
cation temperature range, which helps suppress cracking
during the PBF-L process (Refs. 23-25). PBF-L AlSi10Mg is
strong as built but possesses numerous pores and a reduced
fatigue life without postprocessing (Refs. 26-28). FSW has
not only shown the ability to join Al alloys that are difficult
to fusion weld but also the ability to process material to heal
pores, increasing density, refining the microstructure, and
improving mechanical performance (Refs. 10,29-31).

The objective of this study was to determine the feasibility
of FSW to join PBF-L AISi1OMg and examine the effects of
postweld HT and hot isostatic pressing (HIP) on overall joint
quality and mechanical performance. Welds were examined
using optical microscopy, scanning electron microscopy
(SEM), and tensile testing.

Experimental Procedure

Material

The material of interest for this study was AlSi1OMg. The
nominal composition of the powder used for the PBF-L pro-
cessisdisplayed in Table1. The material has areported solidus
temperature of 557°C (1035°F). The powder particle size
was nominally 20 um in diameter.

PBF-L Build Approach

The panels for subsequent welding and postprocessing
trials were builtinan EOS M 290 PBF-L machine with dimen-
sions of 57.2 x177.8 x 7.6 mm (2.25 x 7 x 0.3 in.). The laser
power remained constant throughout the building process
at 700 W with a spot size of 01 mm (0.004 in.). The laser tra-

Al Si Fe Cu Mn Mg Ni Zn Pb Sn Ti
Bal 9.0- 0.2-
: 1109 <0.55% <0.05% <0.45% ;59 <0.05% <010% <0.05% <0.05% <015
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Fig. 2 — A — As-built microstructure (optical). Porosity and unbonded regions are highlighted by yellow arrows.
Build direction from left to right; B — as-built microstructure (SEM). Note the nonequiaxed precipitation

morphology.

versed at a constant speed of 1.3 m/s (4.27 ft/s) with a scan
spacing distance of 0.19 mm (0.007 in.) to build individual
layers 30 um (0.0012 in.) thick up to a final part height of
57.2 mm (2.25 in.). Prior to removal from the build plate,
the parts were stress relieved at 288°C (550°F) for 45 min
and then air cooled.

FSW Approach

The AISi1OMg plates were machined to a final dimension
0f176.5x55.9 x6.4 mm (6.95 % 2.20 X 0.25in.). The plates
were joined in a butt joint configuration along their long axes.
Immediately prior to welding, the joint was cleaned using an Al
oxide abrasive pad and wiped with alcohol to remove debris.

All FSW occurred on an AccuStir™ gantry-style machine.
The friction stir tool used was made of H13 steel and pos-
sessed atruncated, threaded, three flat pin; radiused convex
scrolled shoulder; and nominal working depth of 6.1 mm (0.24
in.). Fixturing included toe clamps, an end stop, and side
pushers to ensure compression along the abutting faces.

Table 2 — Postweld Processing Schedules

Afterinitial process development, a spindle speed of 600
rpm and a travel speed of 203.4 mm/min (8 in./min) at zero
degrees of tilt was selected for welding based on iterative
trials and evaluations involving visual inspection and metal-
lography. Allwelds underwent radiography, and no indications
were detected.

Postweld Processing

After FSW, the welds were processed in one of four ways, as
summarized in Table 2. The as-welded condition underwent
no additional processing. The HTs were performed in air. The
first HT was an anneal and quench treatment. The next HT
was an anneal and age cycle to avoid the stress of the quench.
The last treatment was a HIP cycle. All annealing steps were
conducted at 530°C (986°F) for 6 h. The quenched sample
was immediately removed from the furnace and placed into
adeionized water bath for 10 min. Natural aging occurred in
the atmosphere at room temperature. In the aged sample,
artificial aging occurred in an atmospheric furnace at160°C
(820°F) for12 h, and it was air cooled upon removal. The HIP

Postweld Processing Annealing Liquid Quench Natural Age Artificial Aging
As welded N/A N/A N/A N/A
Anneal and quench 530°C,6 h Water bath 24 h N/A
Anneal and age 530°C, 6 h N/A 24h 160°C,12 h

HIP

510°C for 3 h at101.7 MPa
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Fig. 3 — As-welded macrograph. The letters AS
denote the advancing side.

cycle wasdoneinan Ar environmentat 510°C (950°F) for 3h
at101.7 MPa (14.75 ksi) of pressure.

Microscopy and Mechanical Testing

Postprocessing welds and as-built material were cross
sectioned, mounted, and polished using standard metal-
lographic techniques. Samples were etched using Keller’s
reagent applied via a cotton swab. The cross sections were
then subject to optical microscopy, hardness testing, and
SEM. Secondary election imaging and energy dispersive
x-ray spectroscopy (EDS) were used to evaluate the local
composition of the microstructure at select points. Vickers
hardness testing was performed near the top and bottom of
the weld along aline at 2.98 N (300 g). Three tensile tests
were removed from each postprocessed configuration and
the as-built material. Dog-bone tensile testing occurred
according to ASTM E8, Standard Test Methods for Tension
Testing of Metallic Materials. The reduced section was nomi-
nally 31.75 mm (1.25in.) in length with a cross section 0f 6.35
x6.35mm (0.25x0.25in.). Ultimate tensile strength (UTS),
0.2% offset YS, and elongation were recorded.

Results

Visual examination of the samples after postprocessing
did not reveal any notable changes except for the annealed
and quenched sample. This weld displayed a full-thickness
crackalong the advancing side (AS) as soon as the plate was
quenched, as displayed in Fig.1. The crack was not observed
when removed from the furnace, but itimmediately formed
as the weld was immersed into the water quench. Since the
weld was cracked, artificial aging was not performed because
the plate had already failed. A cross section was removed near
the start of the weld, since the crack did not fully extend into
the beginning of the weld, and at the weld center, where the
crack was fully formed. No catastrophic failure occurred in
any other postweld processing condition, but cracking and
pores were observed metallographically in the annealed and
aged welds as well.

Microstructural Analysis

The as-built microstructure is displayed in Fig. 2A and B.
The PBF-L process resulted in a highly densified structure
with smallintermittent porosity and unbonded areas noted by
the yellow arrows in Fig. 2A. Figure 2B shows a discontinuous
network of Si precipitatesin the Al matrix. Weld cross sections
were examined on a macroscopic and microscopic scale.
The as-welded macrostructure is displayed in Fig. 3, which
shows an indication-free microstructure within the weld.
Based upon optical measurements at the center of the plate
thickness, the stir zone (SZ) was 8.4 mm wide, the AS ther-
momechanically affected zone (TMAZ) was approximately
350 um, and the retreating side TMAZ was approximately
1 mm. Macroscopic examinations showed consolidation in
all postprocessing conditions except for the samples that
underwent the annealing HT at 530°C (986°F). The samples
that were annealed contained pores and cracking near the
edge of the SZ within the ASTMAZ when examined at higher
magnification. Metallographic images of the AS SZ/TMAZ
for each postprocessing condition are provided in Fig. 4.
The as-welded (Fig. 4B) and HIP (Fig. 4F) processed samples
showed no flaws along the SZ/TMAZ interface. Figure 4C
and D are different locations of the annealed and quenched
sample, which both show cracking and defectsin the TMAZ.

Table 3 — EDS Point Compositional Results from Various SEM Images (at.-%)

Element EDS 1 EDS 2 EDS 3 EDS 4
Al 43.6% 20.5% 17.6% 15.7%
Si 56.1% 79.5% 80.7% 83.2%
Mg 0.3% 0% 1.7% 11%
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Fig. 5 — High-magnification of the crack (A) and near-crack (B) morphology in the annealed and quenched
condition.

The pores observed in Fig. 4C were clearly in the TMAZ and
outside of the SZ by approximately 10 um (0.0004 in.) to 30
um (0.0012in.), depending on location. A nearly continuous
line of pores was observed along the TMAZ in the annealed
and aged (Fig. 4E) condition.

SEM was used to evaluate the pores and cracking in the
TMAZ in more detail. The focus of the SEM analysis was the
annealed and quenched and the annealed and aged samples
duetothe cracking and pore formation. High-magnification
images of cracked and near-crack regions along the AS Sz/
TMAZ are displayed in Fig. 5. The crack appeared to be a
tensile failure that propagated from pore to pore. As the pore
volume reached a critical point, the remaining bonded mate-
rial could not support the stress. Cracking was observed as
the part was removed from the oven, and the thermal stress
of rapid cooling was enough to cause the crack to propagate.
Ahigh-magnification view of the pores observed is displayed
in Fig. 6. The pore walls were rich in what is believed to be
single-phase Si precipitates, an equilibrium constituentin this
alloy, based upon the EDS compositional analysis summarized
in Table 3. The EDS points of the precipitates were high in Si
and very low in magnesium (Mg). The excited volume of the
EDS spot likely exceeded the Si precipitate size of 2-3 um,
and, therefore, the EDS composition included parts of the
surrounding Al matrix, effectively lowering the measured
amount of Si (Ref. 32). The Si precipitate size and distribution
are representative of both the as-built and SZ microstructures
observed in the samples. Further examination of the pores
inthe annealed and aged samples is displayed in Figs. 7 and
8.Figure 7 displays the interior of a single pore in the TMAZ.
This interior is rich in Si according to the EDS. The interior
pore had soft, smooth features, suggesting the pore may
have formed as aresult of liquation. The pore also appeared
to be lined with Si precipitates.

Individual precipitates were identified near pores and are
displayed in Fig. 8. The precipitates had a smooth, glossy
surface, which is characteristic of liquation. EDS analysis
revealed that this layer was primarily composed of Si. Local-
ized liquation was also apparent near the Si precipitates.
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SEM of the SZ and base material after the anneal and age
HT were also conducted. The resultant micrograph of the SZ
is displayed in Fig. 9,and the PBF-L region is shown in Fig.10.
The SZ displayed small pores randomly distributed through-
out the weld. However, the pores were adjacent to, or were
lined with, Si precipitates. The PBF-L region displayed thin,
elongated voids that appeared on grain boundaries, which is
characteristic of the AISi1OMg parts built with PBF-L (Ref. 24).

Mechanical and Hardness Testing

Tensile test results are summarized in Table 4. The
as-welded coupon displayed a minor loss in UTS, and the
postprocessing greatly decreased strengthin all cases. Min-
imal scatter in the recorded strength data was observed
throughout the tensile testing. The failure location did not
changeinany of the three repetitions of the tensile test for any
of the postweld processing conditions. The maximum scatter
(as measured by the standard deviation [c]) occurred in the
YS of the annealed and aged condition at11.89 MPa (0.29 ksi).
The maximum scatter resulted in a relative standard deviation
(RSD), which is defined as the standard deviation divided by
the mean, of 26.27%. The standard deviation values for the
annealed and aged condition are relatively low, but due to
the low average strength values, the RSD is high.

The remainder of the postprocessing methods remained
under 2% RSD for all strength values. Failures for the
as-welded, annealed and quenched, and annealed and aged
conditions all occurred directly at the transition between
the SZ’s AS and the TMAZ. The HIP postprocessed sample
failed in the TMAZ near the AS but away from the interface
of the two regions.

Hardness testing was performed on two HT conditions,
as-welded as well as annealed and aged, to determine the
effects of welding and the anneal cycle on local strength.
Theresults, which are plotted in Fig. 11, showed about a20%
dropin hardness from the heat-affected zone (HAZ) into the
SZfor the as-welded sample. The annealed and aged sample
showed little variation in hardness from the HAZ into the
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Fig. 6 — Annealed and quenched TMAZ pores with
EDS precipitate analysis. Particles rich in Si based
on EDS analysis.

SZ as expected after an annealing HT. Hardness variations
through thickness were not noted on either sample as the top
and bottom had very similar hardness profiles. The annealing
and subsequent aging also resulted in a notable hardness
drop when compared to the as-welded condition in the SZ
and HAZ. Additional points were taken near the top of the
as-welded sample to show transition in the critical AS Sz/
TMAZ where the crack was found.

Fig. 7 — Pore on the annealed and aged sample
with EDS analysis. Image taken from the AS TMAZ.
Interior rich in Si based on EDS with smooth
features suggesting liquation.

Discussion

Cracking Mechanism

The pores and cracking were observed on both samples
that were subjected to the postweld anneal at 530°C (986°F).
The anneal and quench treatment resulted in a larger crack,
but the complete failure was likely a result of the thermal

Table 4 — Average Tensile Test Results with Relative Standard Deviation

Condition UTS 0.2% Yield Strength Elongation (%) Failure Location
294.3 MPa 2427 MPa
As built (42.7 ksi) (35.2 ksi) e Reduced section
RSD: 1.53% RSD: 1.66% REDE£I005
279 MPa 162.3 MPa
As welded (40.5 ksi) (23.6 ksi) 8.93% AS/TMAZ interface
RSD: 0.59% RSD: 0.58% ReRae:lil
A led and O MPa O MPa
r;r;eez:lgheadn (O ksi) (O ksi) 0.00% AS/TMAZ interface
RSD: 0% RSD: 0% RSD: 0%
59.0 MPa 50.7 MPa
Annealed and aged (8.5 ksi) (7.3 ksi) e AS/TMAZ interface
RSD: 10.81% RSD: 23.48% RSD: 26.27%
151.7 MPa 98.3 MPa
HIP (22.0 ksi) (14.2 ksi) ZEEe TMAZ on AS
RSD: 0.31% RSD: 1.92% FBolbE e
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Fig. 8 — Evidence of liquation near precipitates.
Annealed and aged AS TMAZ. A — Precipitate one;
B — precipitate two.
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stress during quenching, which overloaded the material
between the voids formed during annealing.

The voids and cracking observed appeared to be the result
of liquation near single-phase Si precipitates. The glossy
surfaces observed around Si precipitates in Fig. 8 were the
result of a thin melt layer solidifying upon cooling. However,
according to the material supplier, the AIS11OMg possesses a
solidification temperature range of 557°C (1035°F) to 596°C
(1105°F), which is well above the annealing temperature used
in this study. As the evidence of liquation does not align with
the reported material solidification range, a pseudobinary
phase diagram was calculated — Fig. 12. Computer coupling
of phase diagrams and thermochemistry (CALPHAD) was used
to generate a pseudobinary phase diagram for the AlSi1OMg
system. Thermo-Calc software was used, and the material was
input as a ternary system of Al, Si, and 0.45 wt-% Mg. Al and
Siwere variable and served as the x-axis of the pseudobinary
phase diagram. The pseudobinary phase diagram stated that
AlISi1OMg has a solidification range of 521°C (970°F) to 596°C
(1105°F). The calculated phase diagram stated that melting
can begin to occur atatemperature as low as 521°C (970°F),
which is below the annealing temperature of 530°C (986°F).

WELDING JOURNAL

The lower solidification temperature explains why partial
melting occurred at the annealing temperature of 530°C
(986°F) as this temperature places the alloy into a region
of four-phase equilibrium between single-phase Al, Mg_Si,
liquid, and single-phase Si. According to the phase diagram,
the partial melting could occur anywhere in the build.

Partial liquation of the matrix around the Si precipitates
at the annealing temperature was a result of constitutional
liquation, which is defined as nonequilibrium eutectic melting
in a heterogenous structure (Ref. 33). In this case, the diffu-
sion of Si from the Si precipitate into the Al matrix created a
local composition primarily of Al containing roughly 0.4% of
Mg with evaluated levels of Si. Once the Al matrix containing
Mg reached a Si content greater than 5%, local melting could
occur at the annealing temperature. Since the single-phase
Siprecipitates are the most plentiful source of Si, the melting
occurred at the boundary of the Si precipitate and the Al
matrix because this location resulted in the shortest dif-
fusion distance to reach the critical local composition. As
single-phase Si precipitates were observed throughout the
build, it begs the question as to why liquation and cracking
were only observed in the AS TMAZ. The answer lies in the
thermomechanical history resulting in a unique microstruc-
ture and stress state at this location.

First, pores were observed throughout the SZ as well
as in the TMAZ for samples annealed at 530°C (986°F).
Figure 9 displays pores in the SZ that were smaller in size
and appeared almost at random locations throughout the
SZ. As temperature is key in pore formation, it is likely that
the FSW process was exceeding the eutectic temperature,
albeit at much shorter times than the HT. Partial melting has
been observed in FSW of other alloys with precipitates that
cannot be solutionized during welding (Refs. 10, 34-36).
Thus, the peak FSW temperature was likely more than 530°C
(986°F), resulting in partial liquation in the SZand near the SZ.
The partial liquated areas were supersaturated in Siand had
higher amounts of Mg as well. The partially liquated region
had alower melting temperature upon reheating as a result.
The liquation-prone areas likely originated in hot portions
of the weld and were distributed by the stirring action of the
tool. Additionally, SZs typically possess compressive residual
stresses (Refs. 10, 37). Thus, if liquation does occur during
HT, the area lacks the tensile stresses required to form voids
or cracks.

In comparison to the SZ, the pores in the TMIAZ occurred
over a very defined region within 30 um of the SZ. As the SZ
reached temperatures of more than 530°C (986°F), a narrow
region of the TMAZ also reached these temperatures due to
conduction and the AS being the hottest region in a friction
stir weld (Ref. 31). These high-temperature regions within
the TMAZ did not experience dynamic recrystallization or
movement via stirring, which resulted in a narrow region with
a unique thermomechanical history as well as precipitation
morphology and distribution. In this narrow region, partial
liquation can occur during FSW and HT. These liquation sites
become enriched in solute and become preferential liquation
sites upon reheating. The TMAZ also typically possesses ten-
sile residual stresses due to the lack of full recrystallization
and the lower temperatures experienced compared to the
SZ.Unlike inthe SZ, the liquation-rich regions were aligned in
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Fig. 9 — SEM micrograph of the SZ after annealing
and aging.

anarrow band and were not redistributed by the friction stir
tool. Alargervolume of pores was observed near the surface
of the weld, where the weld temperature and residual stress
caused by the thermal gradient was higher, rather than at the
root of the weld, where temperature and, therefore, residual
stress was lower.

Next, the stress state in the crack region was unique. The
AS/TMAZ border had a sharp change in mechanical prop-
erties, as shown by the hardness traverse for the as-welded
sample in Fig.11. The SZ was softer and, therefore, exhibited
a lower yield strength than the base material and HAZ. The
transition from soft to hard occurred rapidly on the AS in
the TMAZ. As a result, a metallurgical notch exists on the
advancing side TMAZ. As the part was heated and attempted
torelieve stress during the HT, the metallurgical notch acted

Fig. 10 — SEM micrograph of the PBF-L region after
annealing and aging.

as a stress riser between the compliant SZ and the stiff
PBF-L-built matrix, creating a high-stress region that already
contained tensile residual stresses coupled with the highly
aligned susceptible microstructure described above, leading
to the creation of voids and cracking.

To summarize the cracking mechanism, cracking occurred
atthe SZ/TMAZ boundary because the alloy was heat treated
in a partial melting regime at 530°C (986°F). Liquation
occurred in the Al matrix near Si precipitates due to constitu-
tional liquation and the readily available supply of Si provided
by the Si precipitates. The TMAZ near the AS SZ had a unique
thermomechanical history over a thin region, which contrib-
uted to the local microstructure’s liquation susceptibility
and its tensile residual stresses. The TMAZ was located at a
microstructural notch between the soft SZ and hard PBF-L

Vickers Hardness

= O= Anneal & Age Top
Q= As-Welded Top

Stir Zone/TMAZ Hardness

Distance from SZ/TMAZ Interface (mm)

c««@--- Anneal & Age Bottom
coo@eee As-Weld Bottom

Fig. 11 — Hardness profiles from the SZ into the HAZ.
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Fig. 12 — Calculated pseudobinary diagram for the AISi10Mg system.

material. Thus, the TMAZ had a susceptible microstructure
at a high-stress region of the weld. All of the above factors
combined led to voids and cracks forming along the TMAZ.

The as-welded and HIP samples did not show any signs of
cracking or pore formation in the TMAZ. The HIP was per-
formed ata slightly lower temperature of 510°C (950°F) and
was below the solidus temperature of 521°C (970°F) accord-
ing to the calculated phase diagram. As the temperature was
below the solidus, no liquation near precipitates occurred
and the sample emerged from postprocessing without cracks
orvoids. The as-welded coupon also was void and crack free
and performed best in tensile testing of the postprocessing
conditions.

Effects of Postprocessing on Strength

The as-welded coupon displayed a minor loss in UTS as
compared to the base metal, and postprocessing greatly
decreased weld strength in all cases. The strength knock-
downs can be explained by Si morphology, distribution, and
size as AISi1OMg is a precipitation-strengthened alloy. In all
cases, the failures occurred near the AS TMAZ.

The as-welded microstructure contained a fine distribution
of spheroidized Si precipitates and a refined equiaxed grain
size. This microstructure was weaker than the as-deposited
dendritic microstructure with eutectic Si (Ref. 21). Because
the SZis the weakest part of the weld, as verified by hardness
testing, the failure will occur within this region. The failure
occurred next to the TMAZ as the strength rapidly changed in
this region, creating a metallurgical notch. The metallurgical
notch acted as the initiation point for failure.
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The generation of porosity and cracks along the SZ/TMAZ
contributed to the reductionin strength in the annealed and
quenched as well as the annealed and aged conditions. Based
upon the hardness of the annealed and aged condition, even
without cracks, an approximate 20% reduction in strength
compared to the as-welded condition would be expected. The
dropin hardness can be explained by additional coarsening
on the Si precipitates during the HT as single-phase Si was
stable during the annealing HT.

The HIP process greatly reduced the strength by 50% com-
pared to the PBF-L as-built material. The HIP cycle resulted
in large, near-spheroidized Si precipitate size and thus the
knockdown in strength. Subsequent aging cycles may allow
for minor strength gains after HIP. As it stands, the HIP greatly
reduced the tensile performance of the as-welded AlISi10Mg.
Ideally, AISi1OMg should undergo a solution anneal, quench,
and subsequentaging to provide the best performance while
reducing residual stress in the build. However, Si precipitates
cannot be dissolved in the solid state, reducing the effective-
ness of the annealing step. Ashorter anneal cycle at a slightly
lower temper may be required to limit coarsening of Si while
still providing the benefits of stress relief and solutionizing
of Mg,Si precipitates.

Conclusions

AISi10Mg sheets were built using PBF-L and subsequently
welded together using FSW. The as-welded coupons were
subjected to varying HTs and postweld HIP of the weldment.
The various welded and postprocessed samples were ana-
lyzed, cracking was noticed in all samples subject to an



annealing cycle at 530°C (986°F), and no cracking was
noted in the HIP sample or the as-welded coupon. Strength
knockdowns were noted but could be improved upon with
additional development of HT procedures. The following
conclusions can be drawn from this work:

1) FSW is feasible on PBF-L Al components. The as-welded
sample exhibited 80% of the UTS of the as-PBF-L-printed
coupon.

2) Cracking occurred at the SZ/TMAZ boundary during the
annealing HT because the alloy isin a partial melting regime
at 530°C (986°F) as Mgis alarge eutectic point suppressant
when added to the Al-Si system. Liquation occurs in the Al
matrix near Si precipitates due to constitutional liquation and
the readily available supply of Si present in the single-phase,
single Si precipitates. The TMIAZ near the AS SZ has a unique
thermomechanical history, which may contribute to the local
microstructure’s liquation susceptibility. All of the above
factors lead to voids and cracks forming along the TMAZ.

3) HIP of the as-welded component resulted in a defect-
free weldment and normalized the properties between the
SZ and as-PBF-L-printed microstructures. The HIP process
is not optimized for strength and resulted in a 50% knock-
down in UTS compared to the as-PBF-L-printed condition.

4) Based upon the CALPHAD modeling, HT development
below the critical temperature of 521°C (970°F) is a viable
solution to prevent cracking during postweld HT of welded
PBF-L-printed AISi1OMg.
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