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a b s t r a c t 

Keyhole pore formation is one of the most detrimental subsurface defects in the laser metal additive manufacturing 

process. However, effective ways to mitigate keyhole pore formation beyond tuning laser processing conditions 

during keyhole mode laser melting are still lacking. Here we report a novel approach to mitigate keyhole pore 

formation during laser powder bed fusion (LPBF) process by using stable nanoparticles. The critical keyhole 

depth for keyhole pore generation (i.e., the largest keyhole depth without keyhole pore formation) during LPBF 

of Al6061 increases from 246 μm to 454 μm (85% increase) after adding TiC nanoparticles. In-depth x-ray imaging 

studies and thermo-fluid dynamics simulation enable us to identify that two mechanisms work together to mitigate 

keyhole pore generation: (1) adding nanoparticles prevents the keyhole from collapsing by increasing the liquid 

viscosity to impede the protrusion development; (2) adding nanoparticles slows down the keyhole pore movement 

by increasing the liquid viscosity, resulting in the recapturing of the pore by the keyhole. We further demonstrate 

that adding TiC nanoparticles can also eliminate the keyhole fluctuation induced keyhole pore during LPBF of 

Al6061. Our research provides a potential way to mitigate keyhole pore formation for defect lean metal additive 

manufacturing. 
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. Introduction 

Laser metal additive manufacturing (AM, also known as 3D print-

ng) is now widely used in aerospace, energy, medical and other indus-

ries due to its advantages of making complex and customized geometry,

inimizing component quantity and processing steps, shortening lead

ime [ 1–7 ]. Laser powder bed fusion (LPBF) is one of the most popu-

ar laser metal AM technologies [ 5,8 ]. During LPBF process, a focused

aser beam is used to selectively melt and fuse metal powders based on

he computer-aided design model to create the part with desired shape

 9 , 10 ]. As the high-energy laser beam interacts with the metal, the local

emperature due to the laser heating can exceed the boiling temperature,

ausing material vaporization [ 11 , 12 ]. The recoil pressure induced by

he vaporization pushes the liquid surface downwards to form a keyhole

or called vapor depression, or depression zone) [13–15] . Due to the dy-

amic change of the laser beam path and laser absorption within the key-

ole, the temperature of the liquid surface around the keyhole changes

ignificantly [16] . Consequently, the surface tension, recoil pressure and

arangoni convection, which are highly temperature dependent and are

he major driving forces for keyhole dynamics, change significantly, re-
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ulting in severe fluctuation and, sometimes, collapse of the keyhole

 14 , 17 , 18 ]. The pore generation due to keyhole collapse (i.e., keyhole

ore) can get trapped by the solidification front and remains inside the

rinted part, which significantly degrades mechanical properties (e.g.,

atigue life) [ 19 , 20 ]. 

Significant efforts have been made to investigate the keyhole pore

ormation in the laser metal AM and laser welding process [21–27] , and

ost reported studies for mitigating keyhole pores rely on reducing the

aser energy input (i.e., increasing the laser scan speed or decreasing the

aser power) [28–33] and pulsing or oscillating the laser beam [34–36] .

nother reported method to avoid or control the keyhole pore forma-

ion during laser melting is by reducing the ambient pressure [ 37 , 38 ].

owever, the decrease of the ambient pressure may prevent powders

rom entering melt pool during LPBF process, compromising the final

art quality [ 39 , 40 ]. So far, effective and feasible ways to mitigate the

eyhole pore formation beyond tuning laser processing conditions are

till lacking. Therefore, to avoid the keyhole pore formation, the laser

rocessing parameter is limited to a small window (i.e., the keyhole

epth should be smaller than a critical value) [14] , which makes LPBF

rocess very susceptible to the energy input disturbance (which often
isconsin-Madison, Madison, WI 53706, United States. 
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ccurs in the LPBF process, such as the increase of local energy input

t laser turning point [27] , varied substrate temperature [41] ) to gener-

te keyhole pores. The critical keyhole depth also significantly hinders

he process efficiency improvement by limiting the further increase in

bsorption and the use of larger powder layer thickness [42] . 

Adding nanoparticles can alter material properties [43–45] . Our

revious study shows that the nanoparticle-induced material property

hange can lead to the elimination of the liquid breakup from melt

ool by stabilizing the keyhole fluctuation [45] . However, the effects

f nanoparticles on the keyhole pore formation, keyhole collapsing dy-

amics and keyhole pore evolution have not been studied and are still

nclear. 

Here, we report using nanoparticles to mitigate keyhole pore gen-

ration in LPBF process. The critical keyhole depth for keyhole pore

eneration (i.e., the largest keyhole depth without keyhole pore forma-

ion) during LPBF of Al6061 increases from 246 μm to 454 μm (85%

ncrease) after adding TiC nanoparticles. In-depth x-ray imaging studies

nd thermo-fluid dynamics simulation enable us to identify that two

echanisms work together to mitigate keyhole pore generation: (1)

dding nanoparticles prevents the keyhole from collapsing by increasing

he liquid viscosity to impede the protrusion development; (2) adding

anoparticles slows down the keyhole pore movement by increasing the

iquid viscosity, resulting in the recapturing of pore by the keyhole. We

urther demonstrate that adding TiC nanoparticles can also eliminate the

eyhole fluctuation induced keyhole pore during LPBF of Al6061. Our

esearch provides a potential way to mitigate keyhole pore formation

or defect lean metal additive manufacturing. 

. Material and methods 

.1. Materials 

The Al6061 powders (D10: 17 μm, D50: 34 μm, D90: 60 μm)

ere purchased from the Valimet (USA). The Al6061 substrate was

ut from the commercial Al6061 plate (T6511, Mcmaster-Carr, USA).

he Al6061 + 4.4 vol.%TiC powders were prepared by planetary ball

illing of the Al6061 powders and TiC nanoparticles (83 nm, SSnano,

SA). The Al6061 + 4.4 vol.%TiC substrate was cut from the as-printed

l6061 + 4.4 vol.%TiC part. 
2 
.2. In-situ high-speed x-ray imaging experiment 

The in-situ x-ray imaging experiment was performed (at the beam-

ine 32-ID-B, Advanced Photon Source, Argonne National Laboratory)

o study the effects of nanoparticles on the keyhole pore formation dur-

ng LPBF process of Al6061 and Al6061 + 4.4 vol.%TiC. During experi-

ents, a focused laser beam (1070 nm wavelength, continuous-wave,

ingle mode, D4 𝜎 of 90 μm) generated by an ytterbium fiber laser (YLR-

00-AC, IPG Photonics, USA) was used to perform LPBF experiments.

he laser path was controlled by a galvo scan head (intelliSCANde 30,

CANLAB GmbH, Germany). During laser melting, the x-ray simultane-

usly penetrated through the laser scanning area. The transmitted x-ray

ignal carrying the information of the keyhole and keyhole pore dynam-

cs was converted by a scintillator into a visible light, which was then

ecorded by a high-speed camera with a frame rate of 50 kHz. The res-

lution of the x-ray image is 1.93 μm per pixel. 

.3. Computational thermo-fluid dynamics simulation 

To discern the underlying mechanisms for the nanoparticle-induced

eyhole pore mitigation, we performed the computational thermo-fluid

ynamics simulation using the Flow-3D software (FLOW-3D 12.0, Flow

ciences, USA). To trace the keyhole dynamics more accurately, the mul-

iple reflection inside the keyhole was considered. The Fresnel equa-

ion was utilized to calculate the absorption/reflection at each laser in-

idence at the keyhole-liquid interface. The driving forces, including

he recoil pressure, thermocapillary force, gravity force, and buoyance

orce, were considered in the model. The mesh size is 4 μm. Details about

he model setup, governing equation and material properties for Al6061

an be found in reference [45] . 

. Results and discussion 

.1. Mitigating keyhole pore formation by nanoparticles 

To study the effects of nanoparticles on the keyhole pore formation

uring LPBF process, we performed the in-situ high-speed x-ray imag-

ng experiment to characterize the keyhole pore formation during LPBF

f Al6061 and Al6061 + 4.4 vol.%TiC under different laser powers (to

enerate different keyhole depths) and 0.2 m/s scan speed. The results
Fig. 1. X-ray images showing keyhole depth threshold 

for generating keyhole pore during LPBF of Al6061 and 

Al6061 + 4.4 vol.%TiC. The keyhole pore formation frequency in 
y-axis is defined as the rate at which the keyhole pore is formed 

in the printed sample (based on the x-ray images). The open circle 

indicates the condition without keyhole pore generation. The 

solid circle indicates the condition with keyhole pore generation. 

Adding nanoparticles significantly increases the keyhole depth 

threshold for generating the keyhole pore. The laser scan direction 

for all the x-ray images is the same and indicated by the dark 

arrow. All the scale bars represent 100 μm. 
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Fig. 2. Nanoparticle-enabled prevention of keyhole collapse. a-c, X-ray images showing that the keyhole collapse results in the generation of keyhole pore during 

LPBF of Al6061. White dashed circle indicates the keyhole pore. a, At t 0 μs, the keyhole expands with the width (174 μm) much larger than the laser beam size 

(90 μm). b, At t 0 + 20 μs, the liquid starts to close the keyhole driven by the surface tension. c, At t 0 + 40 μs, the keyhole collapses, and a keyhole pore is generated. 
d, Contours showing the dynamics of the keyhole and pore during LPBF of Al6061. e-g, X-ray images showing that the keyhole keeps open without generating the 

keyhole pore during LPBF of Al6061 + 4.4 vol.%TiC. h, Contours showing the dynamics of the keyhole and pore during LPBF of Al6061 + 4.4 vol.%TiC. The laser scan 
direction is indicated by the dark arrows. 

Fig. 3. Simulation results elucidating the mechanisms of nanoparticle-enabled prevention of keyhole collapse. a-c, Simulation results showing the keyhole collapse- 

induced pore generation during laser melting of Al6061. a, At t 0 μs, a cold spot is generated at liquid surface. b, At t 0 + 12 μs, the liquid starts to close the keyhole 
driven by the surface tension. c, At t 0 + 18 μs, the keyhole collapses, and a pore is generated. d–f, Simulation results showing that increasing viscosity (16 times 
as high as that of Al6061) prevents keyhole from collapsing. d, At t 0 μs, a cold spot is generated at liquid surface. e, At t 0 + 12 μs, the liquid starts to close the 
keyhole, generating a protrusion at liquid surface. f, At t 0 + 22 μs, the slowly developing protrusion (due to high liquid viscosity) allows the laser to heat it to high 
temperature, and the resulting recoil pressure pushes the protrusion back to the liquid without keyhole collapse. Based on the measurement results that the viscosity 

of Al6061 + 4.4 vol.%TiC is 16 times as high as that of Al6061, 16 times viscosity is used in the simulation d–f. In the simulation (a-f), the laser power is 416 W, the 
scan speed is 0.2 m/s. 
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how that for both Al6061 and Al6061 + 4.4 vol.%TiC, the keyhole pore

s generated after the keyhole depth increases to a certain threshold

14] . For Al6061, the maximum keyhole depth without generating the

eyhole pore is 246 μm. In contrast, for Al6061 + 4.4 vol.%TiC, we ob-

erve a 85% increase of this critical keyhole depth from 246 μm to

54 μm without generating the keyhole pore ( Fig. 1 ). This suggests that

dding nanoparticles can significantly enlarge the processing window

ithout generating the keyhole pore. It should be noted that, although

dding TiC nanoparticles can eliminate the keyhole pore formation un-
3 
er certain keyhole depth range, we still observe keyhole pore gener-

tion when the keyhole depth is extremely large (i.e. 628 μm) during

PBF of Al6061 + 4.4 vol.%TiC ( Fig. 1 ). 

.2. Mechanisms of nanoparticle-induced mitigation of keyhole pore 

To realize the underlying mechanism for the nanoparticle-induced

eyhole pore mitigation, we performed in-depth in-situ x-ray imaging

tudies and computational thermo-fluid dynamics simulation. We iden-
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ified that two mechanisms work together to mitigate the keyhole pore

ormation: (1) nanoparticles prevent the keyhole from collapsing; (2)

anoparticles impede the keyhole pore movement, allowing the keyhole

ore to be recaptured by the keyhole. 

The first mechanism we identified is that adding nanoparticles can

revent the keyhole from collapsing. To study the effects of nanoparti-

les on the keyhole collapsing behavior, we performed in-depth in-situ
4 
-ray imaging experiments to characterize the keyhole collapsing dy-

amics during LPBF of Al6061 and Al6061 + 4.4 vol.%TiC. For Al6061,

e observe that the keyhole collapsing event often starts with an ex-

anded keyhole ( Fig. 2 a, the keyhole width is 174 μm compared with

he laser beam size of 90 μm), resulting in the decrease of temperature

or liquid surface far away from the laser beam. The temperature de-

rease further causes the increase of the surface tension and decrease of
Fig. 4. Nanoparticle-enabled controlling of key- 

hole pore movement. a-f, X-ray images showing 

that the generated keyhole pore is pushed away 

from keyhole and later captured by the solidifica- 

tion front during LPBF of Al6061. White dashed 

circle indicates the keyhole pore. Blue arrow indi- 

cates the keyhole pore moving direction. g–i, X- 

ray images showing that the generated keyhole 

pore is recaptured by the keyhole during LPBF of 

Al6061 + 4.4 vol.%TiC. j, k, Contours showing the 
dynamics of the keyhole and pore during LPBF of 

Al6061 (j) and Al6061 + 4.4 vol.%TiC (k). l, The av- 
erage keyhole pore moving velocity during LPBF 

of Al6061 and Al6061 + 4.4 vol.%TiC. In (a-i), the 
scale bars represent 100 μm. 
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Fig. 5. Nanoparticle-enabled elimination of keyhole fluctuation induced keyhole pore. a–d, X-ray images showing that the protrusion at the keyhole front wall causes 

the sudden decrease of the keyhole depth, resulting in the generation of keyhole pore during LPBF of Al6061. Keyhole pore is indicated by the white dashed circle. 

e–h, X-ray images showing the smooth keyhole front wall without any keyhole pore generation during LPBF of Al6061 + 4.4 vol.%TiC. 
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a  
he recoil pressure. Therefore, the liquid movement driven by the sur-

ace tension (moving towards the center of the keyhole) closes the key-

ole in the middle height, resulting in the generation of keyhole pore

 Fig. 2 b–d). For Al6061, the keyhole collapses very frequently (collapses

very 0.4 ms at the keyhole depth of 378 μm). In contrast, the keyhole

ollapsing frequency significantly decreases (collapses every 2 ms at the

eyhole depth of 454 μm, the frequency decreases 78% compared with

l6061) during LPBF of Al6061 + 4.4 vol.%TiC. For most of the time,

he keyhole keeps open without collapsing ( Fig. 2 e–h). This suggests

hat adding nanoparticles can prevent the keyhole from collapsing. 

We attributed the nanoparticle-induced prevention of keyhole col-

apsing to the increased viscosity by nanoparticles (i.e., the solid TiC

anoparticles in the liquid Al6061, as reported in [45] , increase the vis-

osity of the liquid Al6061). To confirm this, we performed the thermo-

hysical stimulation to study the effect of nanoparticle-induced increase

f viscosity (the viscosity of Al6061 + 4.4 vol.%TiC is 16 times as high

s that of Al6061, detailed in [45] ) on the keyhole collapsing dynamics.

pecifically, we performed two simulations. The reference simulation

sed all the material properties from Al6061 [45] . In another simulation,

e increased the viscosity to 16 times as high as that of Al6061 while

ther properties are the same as that of Al6061. During the simulation

f Al6061, we observe that when a cold liquid spot (i.e., the relatively

older area on the liquid surface caused by uneven heating of the laser

eam) is generated ( Fig. 3 a), the liquid starts to close the keyhole driven

y the surface tension force ( Fig. 3 b), and finally the keyhole collapses

ith a keyhole pore generated ( Fig. 3 c). The horizontal velocity of the

iquid movement (to close the keyhole) is 4.3 m/s. After increasing the

iscosity to 16 times as high as that of Al6061, we still observe that liq-

id tends to close the keyhole at certain moment ( Fig. 3 d, e). However,

he horizontal velocity of liquid movement (to close the keyhole) after

ncreasing viscosity decreases 79% from 4.3 m/s to 0.9 m/s, indicating a

uch longer time is required for the liquid to close the keyhole. During

his time, the laser beam can heat the protrusion (generated during the

losing of the keyhole, indicated in Fig. 3 e) to a very high temperature.

s a result, the recoil pressure impinged on the protrusion overcomes the

urface tension to push the protrusion back into the liquid and, thereby,

revent the keyhole from collapsing ( Fig. 3 f). This suggests that adding

anoparticles can prevent the keyhole from collapsing by increasing the

iscosity. 

Another mechanism for the nanoparticle-induced keyhole pore miti-

ation we identified is that even though sometimes the keyhole collapses

uring LPBF of Al6061 + 4.4 vol.%TiC, the generated keyhole pore can

e easily recaptured by the keyhole instead of being pushed away by the

trong melt flow and staying in the melt pool. During LPBF of Al6061,
5 
e observe from x-ray images that, after the keyhole collapses, the pore

s pushed away by the strong melt flow induced by the recoil pressure

the pore movement may also be driven by the vapor shear force and

arangoni force induced melt flow or inherent melt flow pattern [46] ),

hen is captured by the solidification front and remains in the solidi-

ed part ( Fig. 4 a–f). In contrast, during LPBF of Al6061 + 4.4 vol.%TiC,

hen the keyhole occasionally collapses ( Fig. 4 h), the pore is imme-

iately recaptured by the keyhole at the next frame to eliminate the

ore ( Fig. 4 i). This suggests that the pores generated due to the key-

ole collapse do not always survive in the final part. Whether the pore

an survive depends on its location and moving speed with respect to

he keyhole (i.e., whether the pore can be later recaptured by the key-

ole). Adding nanoparticles can increase the liquid viscosity to impede

he pore movement (i.e., movement away from keyhole), so that the

eyhole pore can later be recaptured by the keyhole to eliminate the

eyhole pore. We also quantified the keyhole pore moving velocity after

he keyhole collapses. The moving velocity of the pore was measured by

ividing its displacement by the moving time. The displacement of the

ore was calculated through its 2-D coordinate change (i.e., the projec-

ion in the longitudinal cross section plane) from one frame to the next

rame in the x-ray imaging experiment. The moving time is the time in-

erval between two frames, which is determined by the recording frame

ate (50 kHz). The average keyhole pore moving velocity during LPBF

f Al6061 is 1.4 ± 0.7 m/s, compared with the average moving veloc-

ty of 0.5 ± 0.1 m/s for the Al6061 + 4.4 vol.%TiC ( Fig. 4 l). This further

alidates our proposed mechanism. 

.3. Elimination of keyhole fluctuation induced pore 

We have demonstrated that nanoparticles can mitigate the keyhole

ore caused by the keyhole collapse (i.e., a sudden decrease of the key-

ole width results in the separation of pore from the keyhole bottom).

revious research reported that the keyhole pore can also be generated

n a shallow keyhole due to the keyhole fluctuation (i.e., keyhole depth

uddenly decreases and almost disappears) [22] . Here we observe the

imilar phenomenon that, during the LPBF of Al6061, the depth of the

eyhole suddenly decreases from 213 μm to 55 μm, accompanied by the

eneration of the keyhole pore ( Fig. 5 a–d). The sudden decrease of the

eyhole depth can be attributed to the decrease of the recoil pressure.

uring LPBF of Al6061, we observe that before the keyhole depth de-

reases, a large tongue-like protrusion forms on the keyhole front wall

 Fig. 5 a), which may significantly decrease the absorption and recoil

ressure impinged on the liquid beneath the protrusion, resulting in

 sudden decrease of the keyhole depth. In contrast, during LPBF of
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l6061 + 4.4 vol.%TiC, we observe that only small dome-like protrusions

indicated in Fig. 5 g) are formed without significantly blocking the laser

eam. This is because the high viscosity of liquid Al6061 + 4.4 vol.%TiC

an slow down the protrusion development. Before the small protrusion

urther develops into a large tongue-shape protrusion, the laser beam

as enough time to heat up the protrusion surface so that the recoil pres-

ure can push the protrusion back. The relatively smooth keyhole front

urface without large protrusion during LPBF of Al6061 + 4.4 vol.%TiC

eads to a more uniform heating of the liquid surface from the keyhole

op to the bottom, so that the recoil pressure can support the keyhole

hape without sudden decease of the keyhole depth or generating the

eyhole pore ( Fig. 5 e–h). This suggests that adding nanoparticles can

lso eliminate the keyhole fluctuation induced keyhole pore formation

y preventing the protrusion development at the keyhole front wall. 

. Conclusion 

In this work, we report a novel approach to mitigate the keyhole pore

ormation during LPBF process by using nanoparticles. We also iden-

ify the underlying mechanisms by performing the in-depth in-situ x-ray

maging experiment and computational thermo-fluid dynamics simula-

ion. The major conclusions are as follows: 

(1) Nanoparticles can significantly increase the critical keyhole

epth for keyhole pore generation (i.e., the largest keyhole depth with-

ut keyhole pore formation) and expand the process window without

eyhole pore generation during LPBF process. After adding 4.4 vol.%

iC nanoparticles into Al6061, the critical keyhole depth for keyhole

ore generation increases 85% from 246 μm to 454 μm. 

(2) Two mechanisms for nanoparticle-induced keyhole pore mitiga-

ion were identified. First, adding nanoparticle can prevent the keyhole

rom collapsing by slowing down the protrusion development. Thus, the

aser has more time to heat the protrusion to higher temperature, and

he resulting recoil pressure pushes the protrusion back to the liquid

ithout keyhole collapse. Second, adding nanoparticles slows down the

eyhole pore movement by increasing the viscosity, resulting in the re-

apturing of pore by the keyhole. The average moving velocity of the

eyhole pore during the LPBF of Al6061 is 1.4 ± 0.7 m/s, compared with

he average velocity of 0.5 ± 0.1 m/s for the Al6061 + 4.4 vol.%TiC. 

(3) Adding nanoparticles can also eliminate the keyhole fluctuation

nduced keyhole pore. This is because adding nanoparticles can slow

own the protrusion development at the keyhole front wall to allow

nough laser heating of the protrusion so that the recoil pressure can

ush back the protrusion without further developing into a large one.

he resulting smooth front wall without large protrusion leads to a more

niform laser heating of liquid surface. Therefore, the recoil pressure can

upport the keyhole shape without sudden decease of keyhole depth or

enerating the keyhole pore. 

The method and mechanisms of using nanoparticles to mitigate the

eyhole pore formation reported here provide a potential way to miti-

ate the keyhole pore formation for defect lean metal AM. The concept

f using nanoparticles to increase the critical keyhole depth for keyhole

ore generation also has implications for laser welding. 
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