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Abstract: In laser powder bed fusion (LPBF) additive manufacturing, surface depressions caused by melt pool
instability can induce defects throughout the layer-by-layer printing process. To address the limited understanding of

interlayer defect transmission mechanisms, this study uses synchrotron X-ray in situ imaging to systematically

investigate the dynamic evolution of surface depressions during multi-pass printing by adjusting interlayer process

parameters. Experimental results show that insufficient energy input in the first layer leads to balling and fracture of melt

tracks. When the energy input in the second layer is increased, local overheating at the gap between melt tracks from the

previous layer causes surface depressions. Reducing the energy input in the third layer hinders melt backflow, enlarging

the depression region. Further lowering the energy input in the final layer leads to the formation of internal unfused

defects. This study reveals the dynamic correlation between surface depressions and interlayer defect evolution, offering

critical experimental evidence and theoretical guidance for closed-loop interlayer process control in laser additive

manufacturing.
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1 Introduction

Laser Powder Bed Fusion (LPBF) additive

manufacturing offers significant advantages in achieving

integrated material–structure–performance fabrication

due to its unique layer-by-layer process. It has been

widely applied in high-end sectors such as aerospace and

biomedical engineering [1]. However, complex physical

phenomena such as melt flow and phase-change heat

transfer cause significant fluctuations in melt pool

behavior, leading to various porosity defects, including

keyholes, gas pores, and lack of fusion [2]. More

importantly, the inherent layer-by-layer nature of LPBF

allows these defects to propagate vertically, significantly

degrading the component's performance, especially its

fatigue life [3]. Therefore, understanding melt flow

dynamics and their relationship with defect formation is

essential for ensuring component quality.

Studies on surface depression defects in melt pools

have produced several important findings. Using a

three-dimensional transient multiphase model, Pang et al.
[4] systematically investigated the effects of

environmental pressure and laser power on melt pool

morphology. They identified vapor recoil pressure as the

main cause of surface depression, with reduced ambient

pressure significantly worsening the defect. Zheng et al.
[5] found that changes in laser scanning speed and powder

layer thickness significantly affect melt pool depression

characteristics. High scanning speeds tend to cause

periodic depressions at the rear of the melt pool. Ren et

al. [6] also reported that insufficient laser energy causes
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multiple beam reflections among powder particles,

leading to uneven energy distribution and the formation

of unmelted regions and random surface depressions.

Collectively, these studies indicate that surface

depressions fundamentally result from external forces

causing surface deformation of the melt pool, which, due

to rapid solidification, cannot be promptly reflowed to

fill the defects. Although optimizing parameters such as

laser power and scanning speed can help control melt

flow and reduce surface depressions, current studies

insufficiently address their impact on the formation

quality of subsequent layers.

Investigating the layer-by-layer defect formation

process requires advanced characterization techniques.

Traditional metallography and X-ray computed

tomography (X-CT) can detect final defects but fail to

capture their dynamic formation [7]. Although infrared

thermography and high-speed imaging provide real-time

data on melt pool temperature and surface morphology

[5,6], they are limited in penetration depth and resolution
[8, 9]. In contrast, synchrotron X-ray imaging enables the

study of transient melt pool phenomena with submicron

spatial and temporal resolution [10]. Synchrotron X-ray

imaging has been widely used to investigate defect

formation mechanisms during single-pass printing.

Hojjatzadeh et al. [11] identified six types of pores during

single-pass printing and revealed their formation

mechanisms. Simonds et al. [12] and Zhao et al. [13]

captured abnormal keyhole formation at laser start and

stop points, respectively. Huang et al. [14] investigated

keyhole behavior across stable, unstable, and transitional

states. However, single-layer studies often overlook the

cumulative effects of interlayer thermal history and

surface morphology on subsequent melt pool behavior

and defect formation. In recent years, researchers have

increasingly focused on defects between multiple layers.

Stef et al [15] used X-CT to show that pores often occur at

pass junctions. Leung et al. [16] employed synchrotron

X-ray imaging to reveal interlayer wetting and growth

mechanisms, finding that a thin powder layer between

melt tracks easily leads to lack-of-fusion and interlayer

porosity. However, the effect of the depression of the

melt pool surface on the generation of defects and

interlayer transfer was not discussed.

Utilizing the BL12SW beamline at the Shanghai

Synchrotron Radiation Facility, this study enables in situ

dynamic observation of the LPBF multi-pass printing

process. The interlayer transfer of surface depressions

under varying energy densities was systematically

studied by adjusting process parameters. The depression

region significantly influences closed-loop interlayer

process control due to increased laser absorption and

thermal resistance. This provides critical experimental

evidence and theoretical support for achieving

high-performance metal additive manufacturing.

2 Experimental Methods

This experiment was conducted at the BL12SW

beamline of the Shanghai Synchrotron Radiation Facility.

A custom-built micro-printing system was employed,

consisting of a laser optics system, atmosphere control,

powder spreading module, and synchronized imaging

unit. Fig. 1a presents a schematic of the powder

spreading system, including the molding piston and

sample table (Fig. 1a1), and the powder bin with scraper

(Fig. 1a2).

A monochromatic X-ray beam (98.76 keV, 0.1255 Å)

passed through a grating slit (0.5 mm × 0.5 mm) to

illuminate the sample. The transmitted X-rays were

recorded using a high-speed CMOS camera (exposure

time: 10 ms, resolution: 2320 × 1031, pixel size: 3 μm).

A sandwich-structured sample (Fig. 1b) was prepared,

consisting of a 2 mm-thick Ti-6Al-4V substrate

positioned between two 1 mm-thick carbon glass plates.

The acquired X-ray images were processed using

flat-field correction to eliminate artifacts caused by pixel

variation and thermal noise during acquisition [16].

The experimental material was gas-atomized

Ti-6Al-4V powder (15-53 μm, Xi'an Ouzhong Materials

Technology Co., Ltd.). A powder layer thickness of 100

μm was used for each deposition, and the oxygen

concentration in the argon atmosphere was maintained

below 100 ppm. The substrate was not preheated before

printing. By varying laser power and scanning speed, the

line energy density ( P
IED  ， where P is laser power

and V is scanning speed) was adjusted to investigate its
effects on surface cavity morphology and interlayer

defect transmission. The selected printing parameters for

each layer are listed in Table 1. The first layer used low

energy density to induce melt pool spheroidization,

establishing a baseline morphology for subsequent

analysis. In the second layer, laser power was increased

to investigate the effect of recoil pressure-induced melt

pool oscillations on surface cavity formation. In the third

layer, energy density was reduced by increasing scanning

speed to examine the effect of high-speed melt flow

recirculation on surface cavities. In the fourth layer, laser

power was significantly reduced, leading to a marked
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drop in energy input to validate the lack-of-fusion defect

formation. This experimental design enabled a systematic

investigation of the effects of abrupt energy input

changes and melt flow velocity on surface cavity

formation.

Fig. 1: Schematic diagram of in-situ X-ray characterization of the LPBF additive manufacturing process. (a) Schematic of the powder

spreading system; (a1) Sample table lifting system; (a2) Powder delivery and filling device; (b) Schematic of the in-situ X-ray imaging

experiment.

Table 1: Process parameters of the in-situ additive

manufacturing experiment.

Layer
Powder

(W)

Scan

Speed

(mm·s-1)

Line Energy

Density

(J·mm-1)

First layer 75 4 18.75

Second layer 100 4 25

Third layer 100 10 10

Fourth layer 75 10 7.5

3. Results and Discussion

3.1 Surface Dimple Morphology Evolution

3.1.1 Molten Pool Spheroidization (First layer)

Fig. 2 illustrates the dynamic evolution of melt pool

morphology during the first-layer printing process, with

the laser scanning from right to left. At the initial stage, a

low energy input (18.75 J·mm-1) results in balling and

cracking of the melt track. Initially, the powder bed

exhibits a distinct interface between the substrate and the

powder layer (Fig. 2a). After 100 ms of laser irradiation

(Fig. 2b), a vapor cavity forms with a depth of 25.1 μm

and a width of 69.4 μm, penetrating less than the full

powder bed thickness (100 μm). As shown in Fig. 3b, the

cavity dimensions decrease (depth: 17.7 μm, width: 42.6

μm), still failing to penetrate the powder bed. After

printing, the melt track displays pronounced balling,

leading to discontinuous and irregular track formation.

Ultimately, the melt track evolves into discrete spherical

droplets (Fig. 3d), with an average curvature radius of

85.5 μm and a contact angle of 134°. Under low energy

density, poor melt wettability triggers Rayleigh–Plateau

instability, causing the melt track to fragment into

discrete droplets with prominent surface depressions.

These depressions contain numerous partially melted

powder particles, further disrupting melt uniformity and

hindering thermal conduction in subsequent layers.
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Fig. 2: Morphology evolution of the first-layer melt pool: (a) 0 ms; (b) 100 ms; (c) 200 ms; (d) 300 ms. ( The black lines represent the

powder bed interface, while the red lines indicate the interface of the solidified melt channel. )

3.1.2 Surface Depressions under High Power (Second

layer)

To compensate for the insufficient energy input in

the first layer, the second layer employed an active

control strategy by increasing the laser power, raising the

energy density to 25 J·mm-1 (a 33% increase). This

adjustment aimed to investigate the effect of melt pool

oscillations on surface depressions under elevated recoil

pressure, while maintaining the powder layer thickness at

100 μm. Fig. 3a shows a shallow vapor cavity (depth

45.3 μm, width 60.2 μm). After 50 ms (Fig. 3b), the

vapor cavity expands at the balling gap of the first layer,

reaching a width of 85.3 μm and a depth of 120.5 μm. At

100 ms (Fig. 3c), the vapor cavity deepens further and

penetrates the substrate, with the width narrowing to 70.2

μm and the shape becoming more elongated. Fig. 3d

shows the melt track morphology after the second-layer

printing, revealing a depression formed between the

balling droplets of the first layer, with a depth of 324 μm,

a width of 78 μm, and tilt angles of 49.3° (left) and 60.9°

(right). Measurements indicate that the actual powder

thickness at the depression site (Fig. 3d) is approximately

182 μm, significantly exceeding the nominal 100 μm,

thereby increasing the local powder volume requiring

melting. The thermal resistance in thicker powder

regions is significantly higher than in thinner ones[17],

which impedes heat dissipation and leads to localized

heat accumulation. Local overheating triggers intense

material vaporization, where recoil vapor pressure

surpasses the melt’s surface tension, leading to the

formation of surface depressions in the melt track[18].
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Fig. 3: Morphological evolution of the second-layer melt pool: (a) 0 ms; (b) 50 ms; (c) 100 ms; (d) 250 ms. ( The black line is the

powder bed interface, the blue line is the surface of the first layer of the melt channel, and the red line is the surface of the second layer of

the melt channel. )

3.1.3 Surface depressions at high scanning rates

(Third layer)

In the third layer, the scanning speed was increased,

reducing the energy density to 10 J·mm-1. As a result, a

wide and shallow concave cavity with a narrow tip

formed 82 μm to the upper left of the deep pit created in

the second layer (scanning direction: right to left), as

shown in Fig. 4. The initial powder layup revealed a

powder thickness of 96 μm in the concave region (Fig.

4a). After 50 ms of laser irradiation (Fig. 4b), a narrow

depression with a depth of 94.2 μm appeared in the

P1-P2 region. At 100 ms (Fig. 4c), the surface depression

widened further, and the depth slightly increased above

the P2-P3 gap, although it remained significantly less

than that above the P1-P2 gap. Fig. 4d shows the final

morphology of the melt track in the third layer, featuring

a concave cavity with a depth of 164 μm and width of

266 μm, and front and rear inclination angles of 74.9°

and 71.8°, respectively.

The formation of this irregularly wide and shallow

cavity is due to the difference in thermal resistance

between thick and thin powders. Higher thermal

resistance in thick powder regions intensifies local heat

accumulation, potentially forming deep melt zones or

even keyholes [14], thereby increasing surface concavity.

This effect manifests as the narrow depression between

P1 and P2 in Fig. 4d. In contrast, when the laser traverses

a thin powder region, the sudden drop in thermal

resistance causes rapid cooling of the melt pool. This

leads to a shallower penetration depth, increased melt

viscosity, and inhibited backflow, ultimately forming a

wide concave cavity with a narrow tip. The leftward shift

of the third-layer surface depression results from the

combined effects of Marangoni convection and changes

in melt wetting direction induced by the second-layer

depression (a negatively curved surface) [19]. The

capillary suction generated by the sidewalls of the second

layer surface depression attracts the melt to flow to the

left (against the scanning direction), resulting in a shift of

the melt pool center relative to the laser spot position.



第 17 届亚洲铸造会议
THE 17TH ASIAN FOUNDRY CONGRESS

4 增材制造

Part 4: Additive Manufacturing

— 800 —

Fig. 4: Morphological evolution of the third-layer melt pool: (a) 0 ms; (b) 50 ms; (c) 100 ms; (d) 150 ms. ( The black line is the powder

bed interface, the blue line is the surface of the second layer of the melt channel, and the red line is the surface of the third layer of the

melt channel. )

3.1.4 Lack of fusion defects (fourth layer)

Although the energy input was reduced in the third

layer, it was further decreased in the fourth layer to 7.5

J·mm-1 to examine defect evolution resulting from the

pores formed previously. In-situ observations revealed

the formation of lack-of-fusion defects above the surface

depression of the third layer and within the fourth layer.

As shown in Fig. 5a, the melt pool exhibits a shallow

bowl-like shape, with its base initially contacting the

depression area of the third layer. At 30 ms (Fig. 5b), the

melt pool fails to fully cover the depression zone, leading

to the emergence of a triangular lack-of-fusion defect

with an area of 403.5 μm², which is consistent with

typical geometric characteristics of such defects. By 60

ms (Fig. 5c), the defect expands to 612.8 μm², evolving

into a distinctive "swallow-tail" shape. According to the

Rosenthal melting depth model [20], the melt pool depth

DD is estimated as:
3

m

A

k(T )0

P
d

T V



, where d is the

depth of the melt pool, P is the laser power (75 W),

k is the thermal conductivity (6.7 W·(m·K)-1), mT is

the melting point (1923 K), 0T  is the preheating

temperature (298 K), V is the scanning speed (10

mm·s-1), and A is the modification factor (0.04). Based

on these parameters, the melt pool depth was estimated

to be 27.5 μm. However, due to the extremely low energy

input in the fourth layer, the melt pool failed to penetrate

the localized powder layer, which was up to 234 μm

thick (including pit-filled powder). It also struggled to

melt the newly spread powder above the depression.

Consequently, a sharp triangular lack-of-fusion defect

inevitably formed within the depression zone,

approximately 190 μm below the surface (Fig. 5d).
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Fig. 5: Morphological evolution of the fourth-layer melt pool: (a) 0 ms; (b) 30 ms; (c) 60 ms; (d) 90 ms. ( The black line is the powder

bed interface, the blue line is the surface of the third layer of the melt channel, the red line is the surface of the fourth layer of the melt

channel, amd the yellow line is the bottom of the fourth layer of the melt channel. )

3.2 Cross-layer transfer mechanism of pore defects

Fig.6 illustrates the interlayer transition process

during layer-by-layer printing under varying energy

inputs. This transition progresses from melt pool

spheroidization to narrow surface depressions, to wide

and shallow concave cavities, and ultimately to

lack-of-fusion defects. The evolution is primarily driven

by abrupt changes in energy input, coupled with surface

irregularities.

Fig. 6: The morphology of melt tracks and surface depressions after completion of printing from the first to fourth layers.

Variations in powder layer thickness on irregular

surfaces can distort the local temperature field of the

melt pool. Thick powder regions from the previous layer

(e.g., spheroidization gaps or concave cavities) exhibit

higher thermal resistance and greater laser absorption

than thin powder regions [21]. Localized overheating in

thick powder regions hinders heat dissipation, resulting

in deeper melt pools. In contrast, in shallow powder
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regions, reduced laser absorption accelerates melt pool

solidification and limits penetration depth, increasing the

risk of lack-of-fusion defects. Intrinsic laser fluctuations

lead to inherent surface irregularities on the melt track [22].

Consequently, subsequent powder layers exhibit periodic

variations between thick and thin regions, causing

surface morphology fluctuations in the printed layers.

Under low energy input, these fluctuations are

exacerbated by spheroidized and fragmented melt tracks.

Under active control, increasing the energy input in the

next layer deepens the melt pool, which interacts with the

underlying geometric features and further degrades

surface quality. Conversely, when energy input is

actively reduced, and the melt pool still penetrates the

powder layer, surface depressions can still form in thick

powder regions. If the melt pool fails to penetrate the

powder layer, unmelted powder in surface depressions

results in internal lack-of-fusion defects. Notably,

variations in the radius of curvature of surface

depressions alter the melt wetting direction. Capillary

forces generated by the depression sidewalls draw the

melt backward (against the scanning direction), causing a

shift in the melt pool position.

4. Conclusions
This study employed in situ synchrotron X-ray

imaging to investigate the mechanisms underlying

interlayer defect evolution induced by parameter

variations in laser powder bed fusion (LPBF). The key

findings are summarized as follows:

(1) Variations in interlayer energy input govern

defect morphology evolution. Low energy input in the

initial layer leads to spheroidized surface features.

Subsequent increases in energy cause localized

overheating and surface depressions. In the third layer,

high scanning speed restricts melt flow, enlarging the

depressions. Reduced power in the final layer leaves

residual porosity within these depressions.

(2) Coupling of energy mutations and interlayer

morphology governs defect propagation: Variations in

thermal resistance and laser absorption between thick

and thin powder regions cause distortions in the

temperature field. This leads to localized overheating in

thick powder areas, increasing melt pool depth, and

resulting in surface depressions.

(3) Surface morphology influences melt wetting

behavior. Capillary forces from the sidewalls of surface

depressions redirect melt flow opposite to the scanning

direction, causing the melt pool to shift. As a result,

surface depressions gradually migrate along the scanning

path.
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