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Abstract
When performing Laser Powder-Bed Fusion, undesired physical phenomena, such as balling, preballing and keyhole, must 
be avoided in order to achieve high-quality products. To date, keyhole-free process parameters can be identified either using 
demanding empirical methods or complex numerical simulations, while only a few analytical models can be found in lit-
erature for this purpose. In this work, state-of-the-art analytical models for predicting keyhole porosity were summarized 
and proved to be rather inaccurate because they are only based on thermodynamic principles, whereas they neglect the 
geometry and both the kinetics and kinematics of the keyhole cavity, which do also influence cavity collapse and porosity 
formation. Here an innovative physics-based semi-analytical model for predicting the formation of keyhole-related porosi-
ties was conceived, in which both thermodynamic and geometrical factors are taken into account. The proposed model was 
validated by performing single tracks experiments on Ti6Al4V according to a full factorial DoE on laser power and scan-
ning speed. Produced samples were cross-sectioned and analyzed to evaluate keyhole porosity formation. The comparison 
between experimental data and model predictions confirmed the higher accuracy of the new model with respect to state of 
the art models. Besides improving the understanding of the keyhole phenomenon, the proposed model may provide a novel, 
effective and simple tool for fast process parameter optimization in industry.
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List of symbols
A	� Absorptivity
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c	� Specific heat
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ds	� Laser spot diameter
E∗	� Dimensionless heat input
H	� Enthalpy
hd	� Hatch distance
hs	� Enthalpy at melting
Hv	� Enthalpy at vaporization
k	� Thermal conductivity
Lm	� Latent heat of melting
Lv	� Latent heat of vaporization

Nff 	� Number of pore-free cases correctly classified by a 
model

Nf ,tot	� Number of pore-free cases experimentally 
observed

Nkk	� Number of pore-affected cases correctly classified 
by a model

Nk,tot	� Number of pore-affected cases experimentally 
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P	� Laser power
T0	� Ambient temperature
Tb	� Boiling temperature
tclo	� Closing time
tcr,t	� Critical time
Teff
v

	� Effective vaporization temperature
tint	� Laser–material interaction time
tl	� Layer thickness
Tm	� Melting temperature
T∗
p
	� Dimensionless peak temperature

v	� Scanning speed
v∗	� Dimensionless scanning speed
vclo	� Closing speed
vcr,g	� Critical scanning speed related to cavity geometry
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vcr,t	� Critical scanning speed related to thermodynamics
z∗	� Dimensionless depth
�	� Density

1  Introduction

Laser Powder-Bed Fusion (LPBF) is an increasingly wide-
spread technology for producing cutting-edge products in 
strategic sectors. It promotes significant technological pro-
gress and competitive advantages to the users.

Nevertheless, the possibility of making finished prod-
ucts using LPBF depends on the selection of suitable pro-
cess parameters. According to Grasso et al. [1], there are 6 
classes of defects that may affect LPBF products: 

1.	 porosity;
2.	 residual stresses, cracking and delamination;
3.	 balling;
4.	 geometric defects and dimensional accuracy;
5.	 surface defects;
6.	 microstructural inhomogeneities and impurities.

Among them, porosity plays a key role because it may dra-
matically affect the mechanical behavior of the processed 
material [2].

Porosity can form due to lack of fusion between tracks 
and layers [3] or due to the inclusion of gas and other vola-
tile elements in the molten pool. According to Hojjatzadeh 
et al. [4], there are 6 pore formation mechanisms of the latter 
type: pore transfer from feedstock powder; keyhole; surface 
fluctuation due to droplet impact; shallow cavity collapse; 
pore induction by cracks; vaporization of volatile substances 
around the melting boundary. Among them, keyhole phe-
nomenon is the most relevant in terms of both frequency and 
impact on the material properties. It consists in the forma-
tion of a deep cavity inside the molten pool, and it typically 
causes the formation of large and spherical pores, which 
clearly differ from the irregular ones deriving from other 
phenomena [5].

The keyhole phenomenon was extensively investigated 
over the last 20 years. The most relevant research work 
on this topic is summarized in Table 1. According to Ki 
et al. [6], it mainly depends on the thermocapillary force, 
the recoil pressure, the surface tension and the increase 
in absorptivity due to the multiple reflections of the laser 
rays inside the cavity. However, the predominant role is 
assumed by the recoil pressure [7], presumably due to the 
effect it has on temperature distribution [8].

The keyhole cavity behavior is determined by the com-
petitive action of recoil pressure and surface tension [9], 
which results in a cyclical evolution [10] causing the 
molten metal to spill from the back cavity wall towards 

the front one [11]. As a result, the cavity collapses and a 
pore is possibly formed (Fig. 1a). However, Fabbro [12] 
experimentally observed that the conventional descrip-
tion of the keyhole mechanism based on thermodynamic 
principles is valid only when the speed of the laser beam 
is below a certain threshold, which is function of the 
process conditions, and that the keyhole cavity behavior 
distinctly varies when it is exceeded. At sufficiently high 
scanning speeds, other physical phenomena play indeed a 
significant role on the formation of keyhole-related pores 
inside the 3D printed component. In the last years, several 
authors studied these phenomena, as it will be recalled in 
the next section, by also proposing different methodolo-
gies for keyhole prediction in the medium-high scanning 
speed regime. Nevertheless, a simple and effective tool for 
keyhole prediction under these conditions is still missing.

In this work, a new semi-analytical model for the key-
hole porosity prediction is presented. Compared to the 
state-of-the-art models,

•	 it derives the conventional thermodynamic threshold 
used to predict the keyhole porosity formation in an 
innovative way. Compared to conventional models, it is 
expected to provide more accurate results while reduc-
ing the number of factors and levels to be tested for the 
experimental identification of the model coefficients;

•	 it introduces an innovative and more accurate criterion 
for the keyhole porosity prediction that accounts for the 
kinematics phenomena resulting from the increase in 
scanning speed.

The latter criterion will be based on a geometrical–kin-
ematic analysis of keyhole cavity evolution.

The obtained model will ultimately depend on the con-
sidered powder material, on the laser focus diameter, on 
the laser power and on the scanning speed, by means of 
simple relations that can be determined from a limited 
number of experimental tests.

The model was experimentally validated through the 
analysis of Ti6Al4V single tracks, and the results indicated 
its greater accuracy in comparison to other available mod-
els. Also, this methodology provides a novel, effective and 
simple tool that may contribute to a fast process parameter 
optimization in industry.

2 � State of the art on keyhole prediction

Dynamics of keyhole formation and collapse do strongly 
depend on the scanning speed. Different keyhole mecha-
nisms arise at low and medium-high scanning speeds, as it 
was experimentally confirmed by several authors in the last 
years. In a recent literature review, Teng et al. [31] pointed 



Progress in Additive Manufacturing	

1 3

out the increasing tendency to form pores at low scanning 
speeds. Lin et al. [13] experimentally showed that for com-
binations of medium to high laser power and sufficiently 
high scanning speeds the cavity became wider, fluctuations 
were reduced, and porosity was practically absent. The same 
results were experimentally and numerically obtained also 
by Huang et al. [14], who further emphasized that bubbles 

resulting from keyhole collapse may escape more easily 
from the molten pool at high scanning speeds due to the 
lower solidification rate. Miyagi et al. [15] showed by in situ 
X-ray imaging that with increasing scanning speed the cavity 
depth decreased while its length and inclination increased.

When a deep keyhole cavity is formed under low scan-
ning speed conditions it certainly collapses into a pore 

Table 1   Summary of the most relevant research works studying the keyhole phenomenon

Hatch distances refers exclusively to 3D samples
Sim. simulation, Exp. experimental, An. Analytical, SN stationary, ST single tracks, 3D 3D samples, [ ] not explicitly specified, ( ) literature data 
from other sources, – not applicable, n.a. not available

Ref. Method Mat. P [W] v [mm/s] ds [μm] tl [μm] hd [μm] Sample

 [6] Sim. Mild steel 4000 25.4 500 0 – ST
 [7] Sim., Exp. Mild steel 2400–4000 25.4–42.3 500 0 – ST
 [8] Sim., Exp. AISI 316L 200 300–2500 70 30 65 ST, 3D
 [9] Sim., Exp. Mild steel 9000 0 300 0 – SN
 [10] Exp. Ti6Al4V 200 100 50 100 – ST
 [11] Sim. Mild steel 100–2000 0 300 0 – SN
 [12] Exp., An. AISI 304

(Mild steel)
2500–4000
(4000–6300)

16.7–833.3
(16.6–250)

450–600
(125–1000)

0
(0)

–
–

ST
(ST)

 [13] Sim., Exp. AA5182 2500–6000 50–200 600 0 – ST
 [14] Sim., Exp. AA5083-O 6000 33.3– 133.3 72 0 – ST
 [15] Exp. AISI 304 1000–5000 16.7–166.7 400 0 – ST
 [16] Exp. AISI 316L 140–300 150–1500 100–200 50 60–240 ST, 3D
 [17] Exp. Ti6Al4V 16–195 50–1200 n.a 30 – ST
 [18] Exp., An. AISI 316L 100–500 100–2500 55 75 – ST
 [19] Exp. AlSi10Mg

MS300
200–375
(80–180)

666.6–3200
(200–1000)

70
(100–110)

30
(30–45)

80
(100–105)

3D
(3D)

 [20] Exp., An. AISI 304
(Tantalum)
(Ti6Al4V)
(AISI 304L)
(Vanadium)

300–2000
(1900)
(615–1400)
(664–1980)
(664–1980)

16.7–50
(0.85–12.7)
(16.9)
(6.4–19.1)
(25.4)

320–960
(300)
(300)
(300)
(300)

(0)
(0)
(0)
(0)
(0)

–
(–)
(–)
(–)
(–)

ST
(ST)
(ST)
(ST)
(ST)

 [21] Sim., Exp., An. AISI 316L [0–400] [0–4000] 52–130 50 – ST
 [22] Exp., An. Ti6Al4V 200–500 100–1000 n.a 20–60 60–140 ST,3D
 [23] Sim., Exp., An. Inconel 718

(AISI 316L)
(Ti6Al4V)

200–400
(25–400)
(100–200)

300–2000
(20–1800)
(200–1100)

100
(54–70)
(n.a.)

40–60
(0–400)
(30)

80
(124)
(100)

ST, 3D
(ST, 3D)
(3D)

 [24] Exp., An. Ti6Al4V
AlSi10Mg
(Ti6Al4V)
(AISI 316L)

150–300
150–400
(50–400)
(150–400)

733–1363
500–786
(200–1600)
(500–1800)

70
70–200
(54–100)
(54)

30
30–35
(30–50)
(30)

–
–
(–)
(–)

ST
ST
(ST)
(ST)

 [25] Exp. AA5182
AA5754

2760
2760

105.8
63.5

n.a.
n.a.

0
0

– ST
ST

 [26] Exp. Ti6Al4V 104–520 0–1500 95–140 0–n.a – SN, ST
 [27] Sim., An. AISI 304L

Mild steel
7000
10000

0–120
[50–500]

350
1000

0
0

–
–

SN, ST
ST

 [28] Sim., An. Mild steel 2000–5000 [10–160] 1000 0 – ST
 [29] Exp. AA5083

AISI 304
AISI 316
AA5182

[4000–10000]
5000
[3500–4500]
2500–5000

0–150
25
0
25

[700]
[700]
[700]
[700]

0
0
0
0

–
–
–
–

SN
SN
SN
SN

 [30] Sim., An. Steel 3000 33–600 280 0 – ST



	 Progress in Additive Manufacturing

1 3

(Fig. 1a). This occurs under the predominant effect of the 
recoil pressure that drives the laser penetration into the pro-
cessed substrate. The recoil pressure is in turn triggered by 
metal vaporization which purely depends on thermodynam-
ics since it only requires heating the material to its vaporiza-
tion temperature. Consequently, in this condition the key-
hole phenomenon is dominated by thermodynamics. Several 
models for keyhole prediction were developed in the last 
years that were based on purely thermodynamic arguments, 
as illustrated in Table 2.

The energy density is the most common quantity used 
to define the transition between conduction (keyhole-free) 
and keyhole mode. Various authors defined it in differ-
ent intuitive ways, including the Linear Energy Density 
(LED) [16, 17] and the Volumetric Energy Density (VED) 
expressed in basic [18] or advanced [19] form. However, 
the concept is similar and in all the cases the critical 
threshold can only be obtained experimentally. As a con-
sequence, this approach is of limited interest and will not 
be further considered in this paper.

Other common criteria for keyhole prediction are 
based on normalized thermodynamic quantities, such as 
enthalpy, evaporation energy or temperature (Table 2). 
However, in most cases, they refer to penetration depth 

and not directly to porosity, which is the actual defect to 
be avoided. These two effects do not coincide, since deep 
keyholes not resulting in pores are possible [25].

Recently, Cunningham et al. [26] investigated the laser 
melting in steady conditions (i.e. with scanning speed 
equal to zero) through ultrahigh-speed synchrotron X-ray 
imaging. According to their findings, during keyhole for-
mation the penetration rate change twice: a first transition 
occurs simultaneously with the onset of fluctuations and 
causes a rapid increase in the cavity aspect ratio, while 
a second transition occurs when the cavity aspect ratio 
becomes close to about 0.5, and consists in a reduction 
of the penetration rate. This work will be considered as 
the starting point to develop the first part of the model 
proposed here.

When compared to real experimental data, the above 
models tend to fail in the medium-high speed regime.

At medium-high scanning speeds the shape of the key-
hole rear wall changes when compared to that observed 
in the low scanning speed regime, thus suggesting that 
keyhole formation and collapse are influenced by other 
factors.

Firstly, the local anomalies in the intensity of recoil 
pressure and surface tension that are typically caused by 

Fig. 1   Representation of the keyhole phenomenon based on the 
most widely accepted knowledge in literaure. Dark blue arrows rep-
resent the recoil pressure, light blue arrows the vapor plume thrust, 
green arrows the surface tension, red arrows the laser rays and yel-
low arrows the molten metal flows. a When a deep keyhole cavity 
is formed under low scanning speed conditions, humps on the front 
wall deflect the laser rays toward the rear wall, the energy absorption 
dramatically increases, and local anomalies in the intensity of recoil 

pressure and surface tension occur. The molten metal spills from the 
back cavity wall towards the front causing the cavity collapse that 
possibly results in the formation of a pore. b When the scanning 
speed increases, the formation of humps is prevented and the key-
hole front wall progressively tilts forward causing the deviation of the 
plasma plume towards the keyhole rear wall, which is pushed back-
wards
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localized heating resulting from multiple reflections of 
rays inside the cavity [27] cease to occur (Fig. 1b). Such 
anomalies can affect not only the front wall, where they 
may cause the formation of humps, but also the rear wall, 
where the rays deflected by the humps formed on the 
opposite border may induce a thrust that tends to widen 
the cavity (Fig. 1a). This mechanism was analytically, 
numerically and experimentally described in [7, 28] and 
[29], respectively, and it plays a central role in the key-
hole evolution since it is a primary cause of the cavity 
collapse. Such phenomenon can be ultimately related to 
the scanning speed. Indeed, Matsunawa et al. [30] showed 
that humps form periodically with an increasing frequency 
as the scanning speed increases, up to a maximum value 
above which the whole wall moves slower than the laser 
beam. Above this limit, humps formation is prevented and 
the corresponding instability mechanism is not activated.

Secondly, the keyhole front wall progressively tilts for-
ward by increasing the scanning speed. This causes the 
deviation of the plasma plume, which is perpendicular to 
it [12]. At sufficiently high scanning speeds, the deflected 
plume is directed towards the keyhole rear wall, which is 
therefore pushed backwards. As a consequence, the angle 
between the keyhole walls increases [28] and elongated 
cavities are obtained, thus preventing the formation of 
pores (Fig. 1b).

In short, at medium-high scanning speeds, keyhole 
genesis and collapse are dominated by physical phenom-
ena that cannot be explained through pure thermodynamic 
arguments.

In this work, keyhole prediction at medium-high scanning 
speeds will be based on simple geometric and kinematic 
principles, as it will be showed in the next section.

3 � A new model for keyhole porosity 
prediction

In the proposed model, two conditions concur for the key-
hole development. As conventionally assumed, the first con-
dition is met when the laser beam penetration into the base 
material is deep enough, while the second condition is met 
when the shape of the cavity is compatible with the abrupt 
collapse that is responsible for pores formation.

3.1 � Laser–material interaction time condition

According to the work of Cunningham et al. [26] recalled in 
the previous section, the keyhole depth growth rate changes 
two times during laser exposure. The first transition consists 
in a sudden growth rate increase that causes the depth at 
least to double in a few microseconds. The second consists 
instead in a reduction of the depth growth rate associated 
to the occurrence of fluctuations. According to this, it can 
be inferred that deep keyhole cavities only form if the laser 
action lasts long enough for the first transition to occur.

By processing literature data, it can be obtained that the 
critical time tcr,t necessary for the first transition to occur 
can be expressed as a function of laser power P, laser spot 
diameter ds and powder material properties (simply denoted 
mat.), as follows

In this work, a simple model of the critical time for the 
Ti6Al4V alloy processed under stationary conditions was 
conceived for the first time by performing numerical regres-
sion in natural and logarithmic scales on the largest homoge-
neous set of data extracted from [26]. Fig. 2 shows the best 
model found by means of the stepwise regression algorithm, 
which has the form

(6)tcr,t = tcr,t(P, ds,mat.)

Table 2   Analytical models 
predicting the transition 
between conduction and 
keyhole mode

Ref. Class Equation

[20] Normalized enthalpy ΔH

hs
=

AP

kTm

√
�vd3s

D

=
Hv

hs
≃ 10 (1)

[21] Normalized enthalpy ΔH

hs
=

AP

kTm

√
�vd3s

D

=
�Tb

Tm
≃ 5.12 (2)

[22] Normalized enthalpy ΔH

hs
=

0,865APD

kTm
√
�vtlds

=
�Tb

Tm
≃ 5.12 (3)

[23] Adimensional energy density �v =
AP

hdtlv�c
(
T
eff
v −T0

) = 0.838 (4)

[24] Adimensional peak temperature ⎧⎪⎨⎪⎩

T∗
p
=

3

2
√
2�e0.75

E∗

v∗
1

(0.8+z∗0)
2 = 1.75

z∗
0
=

�
3
√
�

2
√
2e0.75

1

v∗ tan−1
�√

8∕v∗
�

(5)
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where P is expressed in [W] , ds is in [mm] and tcr,t is in [ms] . 
Model coefficients � , � and � may in general depend on the 
considered powder material and can be experimentally esti-
mated through stationary laser exposure by varying the laser 
power, the laser spot diameter and the exposure time accord-
ing to a minimal factorial design. Suitable test configura-
tions are material-independent since the data obtained are 
only required for numerical regression. Rather, it is recom-
mended to explore the entire admissible ranges of param-
eters, which for the LPBF are reasonably narrow and tipi-
cally limited to 50W < P < 400W , 30 μm < ds < 500 μm 
and 0.012ms < t < 2ms . By so doing, the reliability and 
benefits of the proposed approach would be maximized.

In the considered case study, the squared linear correla-
tion coefficient between the measured and the numerically 
predicted values of tcr,t was R2 = 0.95.

In stationary conditions the keyhole regime is triggered 
if the exposure time is t > tcr,t . In Laser Powder-Bed Fusion, 
the laser beam is not static, but it moves along the scanning 
path at a certain speed. In this case, it can be assumed that 
the laser–material interaction time coincides with the time 
interval required by the beam to travel a distance equal to its 

(7)tcr,t = �P�d�
s
= 2.026 ⋅ 1013P−3.823d5.836

s
diameter, and it should be longer than the critical time tcr,t 
for enabling keyhole onset, i.e.

This simply yields

where vcr,t is the critical, maximum scanning speed 
– expressed as a function of laser spot diameter and laser 
power – satisfying the thermodynamic conditions for key-
hole formation.

In Fig. 3, the curves obtained from Eq. 9 are overlaid to 
the maps reporting the vapor depression morphology when 
solid Ti6Al4V is exposed by a moving laser beam [26]. 
Dashed lines are also showed, which were determined from 
the geometrical inspection of cavity morphology. By con-
struction, the proposed model should approximately repre-
sent the occurrence of the first transition, which was denoted 
by a dashed blue line. The correspondence is in general sat-
isfactory and very good for the smaller laser spot, presum-
ably because in such a case the laser energy distribution 
is narrower, implying a well-defined entry and exit of the 
beam from the instantaneously processed region demarcated 
by the laser beam diameter. Conversely, larger laser beams 
have low intensity tails that contribute to the interaction time 
despite being actually ineffective in sustaining the cavity.

As a final remark, it is worth noting that the dataset used 
here was derived by processing a solid surface, not a layer 
of powder as would happen in real process conditions. How-
ever, [26] noticed that the presence of metal powder only 
results in a second-order effect when the keyhole depth is 
analyzed.

3.2 � The geometrical condition

The curve derived in the previous section applies only at low 
scanning speeds, that is when thermodynamics are domi-
nant. At medium-high scanning speeds, the cavity shape 
changes considerably and other factors become more impor-
tant. Under these circumstances, the cavity elongation along 
the scanning speed direction may prevent the rear section 
from joining the front wall.

Actually, the formation of elongated cavities cannot be 
simply explained by the deviation of the plasma plume 
resulting from the front wall inclination. Indeed, the X-ray 
images in Fig. 3 show only small differences in the front 
wall inclination between the different cases. To discuss the 
longitudinal development of the cavity, it is useful to recall 
the closing speed vclo introduced by [27], which is the veloc-
ity at which the fluid behind the cavity moves along the 

(8)tint =
ds

v
> tcr,t

(9)v <
ds

tcr,t
=

d1−𝜀
s

𝛾P𝛿
= vcr,t

(
P, ds

)

Fig. 2   Critical time required for the first transition to occur: measured 
points (blue dots) [26] and interpolating model (colored surface)
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scanning direction. According to the scheme in Fig. 4, it 
can be argued that narrow keyholes are only possible if the 
scanning speed v is lower than the maximum possible clos-
ing speed vclo,max , i.e.

where vcr,g denotes the critical, maximum scanning speed 
satisfying the geometrical conditions for keyhole forma-
tion. Indeed, when v ≤ vclo,max , the effective closing speed 
vclo can adjust itself to match the scanning speed within an 

(10)v ≤ vclo,max = vcr,g

Fig. 3   Keyhole prediction based 
on interaction time (Eq. (9)) 
compared to vapor depres-
sion morphology when solid 
Ti6Al4V is exposed under 
non-stationary condition: a 
d
s
= 95 μm , b d

s
= 140 μm [26]



	 Progress in Additive Manufacturing

1 3

equilibrium framework resulting in the formation of narrow 
cavities. Conversely, when v > vclo,max , the front wall moves 
away from the back wall and wide, more stable cavities are 
formed.

The closing speed vclo depends on the surface tension, on 
the recoil pressure and on the molten metal density [27]. In 
turn, they imply the following dependencies.

•	 The surface tension depends on the processed material 
and on the spatial thermal gradients [32]. The spatial 
thermal gradients are in turn a direct consequence of the 
molten pool shape [33], which regulates heat conduc-
tion, and of the evaporation temperature present at the 
surface of the molten pool, that is a characteristic of the 
considered material.

•	 The recoil pressure depends on the processed material 
and on the temperature of the vapor flowing away from 
the cavity and forming the vapor plume, which is further 
influenced by the laser beam diameter and by the shape 
of both the molten pool and the keyhole, which control 
light absorption and heat conduction.

•	 The molten metal density is clearly an intrinsic mate-
rial property that may further depend on temperature. 
As already mentioned, the temperature may be assumed 
close to the evaporation temperature, which is again a 
constant material property.

In conclusion, the closing speed vclo can be assumed as a 
function of the processed material, of the laser beam diam-
eter and of the molten pool shape. The latter is related here to 
heat conduction and light absorption, which were observed 
respectively in [33] and in [34] to strongly depend on the beam 
diameter. Consequently, the following ultimate relation holds:

This is the second key assumption adopted in this work to 
identify the keyhole regime. Accordingly, here the following 
simple model is proposed:

where B is a constant which depends on the processed mate-
rial and it is equivalent to the reciprocal of a time. More 
precisely,

can be interpreted as the “closing time” required for the 
vapor depression to be filled with molten metal.

In order to estimate this parameter when the processed 
material is Ti6Al4V, the X-rays images provided in [26] were 
used, where the boundaries separating short from long vapor 
depressions can be easily detected.

Specifically, the critical speed vcr,g was approximately 
1050 mm/s when ds was 95 μ m, thus yielding

while it was about 1150 mm/s when ds was 115 μ m, yielding 
a similar estimate

For the sake of simplicity the closing time for this material 
was eventually approximated by the arithmetic average of 
the above estimates, i.e. tclo ≈ 0.096 ms.

(11)vcr,g = vclo,max = f (mat., ds)

(12)vcr,g = B ⋅ ds

(13)
1

B
=

ds

vcr,g
=

ds

vclo
= tclo

(14)tclo ≈
ds,1

vcr,g,1
=

0.095

1050
= 0.091 ms

(15)tclo ≈
ds,1

vcr,g,1
=

0.115

1150
= 0.100 ms

Fig. 4   Vapor depression lengthening mechanism based on the com-
parison between the scanning speed v and the closing speed v

clo
 . a 

When the scanning speed v is lower than the closing speed v
clo

 the 

cavity may abruptly collaps forming a pore. b When the scanning 
speed v is higher than the closing speed v

clo
 , the cavity elongates pre-

venting the abrupt collapse and the formation of pores
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It is worth noting that adopting a threshold scanning 
speed separating the conduction mode from the keyhole 
mode is also consistent with the experimental data obtained 
by Tenbrock et al. [16] for stainless steel and by Wang et al. 
[23] for Inconel 718, provided that the closing time is cali-
brated for each material.

3.3 � Model calibration through experimental data

The developed model can be easily identified in practice by 
indirectly estimating the critical time tcr,t as a function of 
the laser power and beam diameter, and the closing time tclo.

The critical time can be determined by carrying out the 
following steps: 

1.	 perform laser exposures under stationary conditions by 
varying the laser beam power, the laser spot diameter 
and the exposure time according to a minimal design of 
experiments;

2.	 inspect the cross sections of the produced samples in 
order to measure the molten depth and identify when 
the penetration rate transition occurs, for any fixed laser 
beam power and laser spot diameter;

3.	 estimate unknown model coefficients by linear regres-
sion.

Second, the closing time can be determined as follows: 

1.	 detect keyhole pores in single tracks produced by vary-
ing the laser power, scanning speed and spot diameter 
according again to a minimal full or fractional design;

2.	 inspect tracks cross sections in order to identify the scan-
ning speed corresponding to the transition from keyhole-
free to keyhole regimes;

3.	 estimate the average closing time.

In any case, some experimental work is necessary, but it 
requires less effort when compared to traditional models.

4 � Experimental validation

The proposed model was experimentally validated by analyz-
ing the presence of keyhole pores in single scanned tracks. 
The experiments were performed on Ti6Al4V alloy, whose 
chemical composition is reported in Table 3.

The powder morphology, shape and dimensional distribu-
tion were analyzed by Scanning Electron Microscope (Zeiss 

Evo 40 equipped with EDXS INCA X-sight). As shown in 
Fig. 5, the particles were spherical and had a diameter rang-
ing between about 6.5 μm and 70 μm with a slight negative 
skewness.

The specimens were manufactured on a commercial Con-
cept Laser M2 Cusing machine equipped with a 400 W sin-
gle-mode ytterbium-doped fiber laser. Specifically, 160 single 
tracks were produced according to a full factorial design of 
experiment by varying laser power on 8 levels from 50 to 400 
W (i.e. the entire range permitted by the machine) by discrete 
increments of 50 W, scanning speed on 10 levels from 250 to 
2500 mm/s (i.e. the entire technologically significant range) 
by discrete increments of 250 mm/s and by also performing 
two replicates to enhance the reliability of the results (one 
replicate is illustrated in Fig. 6). In order to test the validity of 
the proposed model in a rather extreme configuration, single 
tracks were produced in a particularly critical condition, that 
is when a small laser spot ( ds = 50 μm ) is applied [33]. Cor-
respondingly, a small layer thickness ( tl = 25 μm ) was also set.

Each track was 10 mm long, and they were scanned in 
groups of ten on the top surface of basic structures previously 
built in the same job for reproducing highly realistic operat-
ing conditions and streamline the examination procedure. The 
basic structures were rectangular blocks 33 × 16 × 5mm3 in 
size that were produced using the the following process param-
eters: laser power P = 225 W, scanning speed v = 1300 mm/s, 
laser spot diameter ds = 155 μm , hatch distance hd = 105 μm , 
layer thickness tl = 25 μm . The exposure was executed divid-
ing each layer into 5 × 5mm2 squares that were bi-direction-
ally scanned along mutually perpendicular directions.

The produced specimens were sectioned, embedded 
in epoxy resin, ground and polished to obtain a mirror 
like surface. The last polishing step was done using the 
colloidal silica. Subsequently, the specimens were etched 
using Kroll reagent for 1 minute and analyzed by optical 
microscope to evaluate the tracks shape and the presence 
of keyhole porosity. Three sections were cross sectioned 
and then inspected for each track. The process parameters 
combinations was classified as affected by keyhole in case 
one or more pores were found. Only when no pores at 
all were detected, the experimental point was classified 
as free of keyhole phenomena. By so doing, it was pos-
sible to assess the absence or presence of keyhole pores 
with a sufficient level of confidence. According to the data 
reported by Shrestha et al. [17], the expected probability of 
misclassifying a keyhole affected sample was indeed less 
than 4% . At the same time, the probability of misclassify-
ing a keyhole free sample was null except at the transition 

Table 3   Chemical composition 
of the powder used for the 
experiments

Chemical element Al V Fe O C N H Ti

Ti6Al4V (% weight) 6.5 4.14 0.18 0.1 0.008 0.007 0.003 89.06
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from keyhole to conduction mode. However, the transition 
range is typically tight and in this work it is comparable to 
the resolution of the experimental design.

Results are summarized in Fig. 7, where empty circles 
stand for specimens affected by pores, and full circles stand 
for specimens where pores were not found.

Fig. 5   Characterization of Ti6Al4V powders used for the experiments: a morphology inspected by SEM and b particle size distribution

Fig. 6   Single tracks produced for the experiment and corresponding design of experiment. a Picture of the first replicate of specimens and b 
scheme of the adopted Design of Experiments
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Tracks cross sections illustrating the different types of 
meltpool (and cavity) shapes, and the absence or presence 
of keyhole-induced porosity are shown in Fig. 8.

In Fig. 7, a conventional analytical models are applied 
on the experimental data. To this aim, Eqs. (1), (2), (3), 
(4) and (5) were plotted on the P − v plane using the phys-
ical properties of the Ti6Al4V alloy, and by imposing 
ds = 50 μm and tl = 25 μm . When required, hd was quanti-
fied from the tracks width reported in [35] by assuming an 
overlap of 20% . It is clearly visible that their predictions 
were not accurate. Indeed, since they are mostly based on 
thermodynamics, they consist of inaccurate and monot-
onously increasing curves which fail to model the geo-
metrical evolution of the keyhole cavity in the medium-
high scanning speed range. On the one hand, this may 
result in the acceptance of inadequate process parameters. 
On the other hand, the most conservative models tend to 
exclude parameter combinations which are suitable for 
manufacturing fully dense 3D products. Although a poor 
surface finishing can be expected at some of the excluded 

parameters combinations, they can be useful for increasing 
productivity when processing the product core [36].

The prediction provided by the new model is shown 
in Fig. 7b, where the black curves represent the two con-
ditions that must be simultaneously met for the keyhole 
regime to occur. The first condition refers to the critical 
laser–material interaction time tcr,t having a purely ther-
modynamic meaning and resulting in a monotonously 
increasing curve similar to those of the other models. 
However, this threshold only concerns the low scanning 
speed region, where it provides a significantly more accu-
rate prediction compared to all state of the art models.

The second condition refers to the closing time tclo that 
is dependent on other important physical and geometrical 
factors. Actually, the condition

is in perfect agreement with the experimental findings. It is 
important to notice that the closing time of Eq. 16 has been 

(16)vcr,g =
ds

tclo
≈

50 μm

0.096ms
= 521

mm

s

Fig. 7   a Keyhole prediction using conventional analytical models and b keyhole prediction obtained through the new model
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just estimated in subsection 3.2 from [26], where consider-
ably larger laser beam diameters were adopted.

The intersection of the areas defined by the two 
curves—light gray region in Fig. 7b identifies the unde-
sired process window where keyhole is very likely to arise. 
As it can be seen, it is in very good accordance with the 
experimental data. More specifically, the ratio of keyhole-
free conditions that were wrongly classified as keyhole-
affected conditions is 1.5% for the developed model, while 
it is between 0% and 43% for the conventional models. At 
the same time, the ratio of keyhole-affected conditions that 
were wrongly classified as keyhole-free conditions is 7% 
for the developed model, while it is between 7% and 47% 
for the conventional models. The general model perfor-
mance was evaluated by computing its balanced accuracy, 
which can be expressed as follows:

where

•	 Nk,tot is the total number of experimental conditions 
affected by keyhole porosities;

•	 Nkk is the number of cases affected by keyhole porosities 
that are correctly classified by a given model;

(17)Abal =
1

2

(
Nkk

Nk,tot

+
Nff

Nf ,tot

)

•	 Nf ,tot is the total number of keyhole-free experimental 
conditions;

•	 Nff  is the number of keyhole-free cases that are correctly 
classified by a given model.

According to this formula, the accuracy of the presented 
model is 96% , which is significantly higher than that of other 
state of the art models (Table 4).

Fig. 8   Tracks cross sections illustrating the different types of process 
outputs observed: a shallow cavity due to short interaction time t

cr,t , 
b pore-free deep cavity at high scanning speed and c pore-affected 

deep cavity at low scanning speed. Note that the pore-free cavity (b) 
is even deeper than the pore-affect one (c)

Table 4   Balanced accuracy (Eq.  17) of the available models for the 
keyhole porosity prediction

Ref. Nkk Nff Nk,tot Nf ,tot Abal(%)

 [20] 8 62 15 65 74
 [21] 14 37 15 65 75
 [22] 14 57 15 65 90
 [23] 13 56 15 65 86
 [24] 3 65 15 65 60
This work 14 64 15 65 96
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5 � Conclusions

In this work, a physics-based semi-analytical method 
aimed at predicting the formation of keyhole-related 
porosity was developed. To this aim, the keyhole phenom-
enology was first reconstructed through a comprehensive 
literature review. It was found that the scanning speed v 
plays a central role in the considered phenomenon since 
at relatively high levels it inhibits the formation of humps 
and cause the keyhole front wall to tilt forward, thus 
resulting in a deflected vapor plume. This further leads to 
an elongated and stable cavity less prone to collapse. The 
extensive examination of the literature also showed that 
all the analytical models developed so far are purely ther-
modynamic, so they are unable to capture this important 
aspect. As a consequence, they may be highly inaccurate 
and not suitable for industrial applications.

Actually, it was proved that the keyhole porosity can be 
accurately predicted by requiring the accomplishment of 
two conditions, namely that the keyhole cavity is both deep 
and short at the same time. This implies that the scanning 
speed v is concurrently small enough to make the interac-
tion time between laser and matter greater than a critical 
time that triggers the abrupt increase of the laser pene-
tration rate inside the solid substrate, and lower than the 
speed at which the molten metal can fill the keyhole cavity. 
It was shown that the scanning speed threshold imposed 
by the first condition can be analytically expressed as an 
exponential function of the laser power and spot diameter, 
while the scanning speed threshold imposed by the second 
condition can be assumed proportional to the laser spot 
diameter ds by means of a proportionality constant B that 
is only dependent on the processed material.

The developed model was tested on original experimental 
data presented by the authors in a previous data article [35], 
that were further extended by performing a second replicate 
to enhance the reliability of the results. When compared to 
the experimental data state of the art models were found too 
inclusive in the low scanning speed regime and too con-
servative in the medium scanning speed regime, thus exclud-
ing some promising process parameters combinations. On 
the contrary, the proposed model did perfectly recognize 
almost all the conditions affected by keyhole pores. At the 
same time, it correctly classified as keyhole-free almost all 
the process parameters combinations that were effectively 
free from this problem, thus avoiding an incorrect rejection 
of possibly good operating conditions. Some of the latter 
conditions may be suitable for increasing productivity when 
scanning the inner core of parts or in general non-demanding 
products in terms of surface finishing.

The new model was capable of correctly predicting the 
absence or occurrence of keyhole porosity in 96% of cases, 

whereas the state of the art model achieved 60 ÷ 90 % of 
balanced classification accuracy, when assessing the con-
sidered case study.

In the future it would be of further interest to validate 
the proposed model on other experimental datasets. Fur-
thermore, it is believed that the unknown model coefficients 
derived here from experimental data could be analytically 
predicted or numerically computed from the material and 
laser properties and by modeling their reciprocal dynamic 
interaction. This may eliminate the experimental calibra-
tion phase of the model, thus further promoting its practical 
application.
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