
第 17 届亚洲铸造会议
THE 17TH ASIAN FOUNDRYCONGRESS

4 增材制造

Part 4: Additive Manufacturing

— 769 —

A universal relative density equation: exploring the physical mechanism

of laser powder bed fusion entrained porosity

Xianmeng Tu1, Jialong Chen1, Xiaoyuan Ji1,*, Huanqing Yang2, Huatang Cao1, Guomin Le3,

Shengzhi Zhou1, Dongjian Peng2, Zeming Wang1,4, Yajun Yin1, Zejun Zhang1, Yanyuan Zhou5,

Menghuai Wu6, Jianxin Zhou1,*

1. State Key Laboratory of Materials Processing and Die & Mould Technology, School of Materials Science and Engineering,

Huazhong University of Science and Technology, Wuhan, Hubei, 430074, China

2. Xi’an Spac d Porositye Engine Co., Ltd., Xi’an, 710100, China

3. Material Research Institute, China Academy of Engineering Physics, Mianyang, Sichuan, 621900, China

4. Nuclear Power Institute of China, Chengdu, Sichuan, 610005, China

5. Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo, Zhejiang 315201, China

6. Department of Metallurgy, University of Leoben, A-8700 Leoben, Austria

Corresponding author e-mail: jixiaoyuan@hust.edu.cn (Xiaoyuan Ji); zhoujianxin@hust.edu.cn (Jianxin Zhou)

Copyright ©2025 17th Asian Foundry Congress, Foundry Institution of Chinese Mechanical Engineering Society

Abstract: Whether an interpretable universal relative density equation can be established for laser powder bed fusion

(LPBF) forming applicable to multiple metals is a highly challenging task and crucial for exploring the physical

mechanism of density and forming high-quality components. Previous studies have investigated the relationship between

process parameters and density, but cannot uncover its intrinsic mechanism. Here, a global, stepwise, centrally dense

hexagonal design of experiments is applied to the additive manufacture of 65 GH4169 nickel superalloy materials each

employing different laser processing conditions; Inspiring from Morse potential energy function, the relationship between

laser energy density (E) and relative density is fitted by the Box Lucas equation; Finally, the universal relative density
equation is constructed using Data-physics fusion driven (DPFD) approach by introducing contact angle (θ) and boiling
factor (b). The results illustrate that the relative density increases rapidly as E increases in the low E regime, but it falls
slowly as E exceeds the optimal range (process window); Meanwhile, the density rapidly increases as θ decreases in the
low E regime, but it falls slowly as b increase when E exceeds the optimal process window. The accuracy and
predictability of the unified density equation were verified by 9 grades and 275 data pairs points, and validated by 10000

sets of stepwise regression model prediction data. This progress breaks through the limitations of P-V space design. It

provides theoretical guidance and a simple basic technical choice for exploring the production of fully dense products for

LPBF production.

Keywords: Relative density equation, Laser powder bed fusion (LPBF), Physical mechanism, GH4169 superalloy,

Data-physics fusion driven (DPFD).

1 Introduction
Laser powder bed fusion (LPBF) is a

three-dimensional printing (3D printing) additive

manufacturing (AM) method for fabricating metallic

components of complex geometry layer-by-layer[1,2]. In

recent years, many applications of LPBF components

have emerged (e.g. in spaceflight engineering) because it

provides great design freedom, part simplification and

low cost for small manufacturing runs[3]. However, the

entrainment of pores/defects in the LPBF process impairs

the fatigue life of final products[4], hindering its

application in high structural integrity sectors, such as
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aviation[5]. For this reason, understanding the physical

mechanisms of pore defect formation is essential if we

are to have largely pore-free additive manufacturing of

LPBF products.

Many LPBF process parameters are important in

terms of the relative density of LPBF parts[6], and their

complex interdependence make it difficult to assess their

relative importance. Among these, the effect of hatch

spacing (h), laser power (P), scanning velocity (v), and
layer depth (d) on relative density have been studied in
two[7], three[8,9] and four[10] process parameter evaluations

across many materials and applications. To simplify their

consideration, the concept of the volume energy density

(E) of the laser is introduced because it captures many
aspects of the thermal history of LPBF products in a

single parameter[11]. E represents the energy absorbed
from the laser per unit volume[12] of the powder bed

under ideal conditions, assuming the laser energy is

completely absorbed by the powder. Hence, the

relationship between E and P, v, h, d can be expressed by
Equation (1) ܧ.[13,14] = ܲ ݒ) ∗ ℎ ∗ ݀) (1)

Data-driven modelling approaches are well suited to

LPBF because many different process parameter sets can

be explored in one high throughput printing

experiment[15]. Data-driven methods have the potential to

make AM more intelligent[16], continuously adapting the

process parameters as complex shapes are manufactured

to optimize microstructure and reduce defects and pores.

In recent years, machine learning approaches have been

used to capture complex process

parameter-structure-property (P-S-P) relationships

through various approaches including regression,

Gaussian processes, naive Bayes, artificial neural

networks, particle swarm algorithms, and support vector

machines[17,18,19]. Compared with the time-consuming and

difficult process of building physics-based models, the

application of machine learning data-driven models

based on physical understanding offers the prospect of

faster optimization of the AM process[20].

Liu et al.[21] captured the effects of laser power and

scanning velocity on relative density using a Gaussian

process regression (GPR) surrogate model and obtained a

maximum relative density (＞ 99 %) in subsequently

processed parts. Shevchik et al.[22] adopted a deep

convolutional neural network to classify three degrees of

porosity in samples manufactured by powder-bed fusion,

with classification accuracy ranging from 78 % to 91 %.

Liu et al.[23] proposed a methodology combining

experiments, numerical and analytical calculations to

predict the porosity in terms of lack-of-fusion pores and

keyhole pores for LPBF fabricated samples in relation to

the characteristic dimensions of the molten pool.

Scanning electron microscopy (SEM) and optical

microscopy have often been used to study pores arising

from lack-of-fusion post mortem[13,24]. In-situ high frame

rate synchrotron X-ray imaging has been used to study

the formation and evolution of keyhole pores and

lack-of-fusion during LPBF[5,25–29]. Cunningham et al.[5]

used ultrahigh-speed x-ray imaging to quantify the

phenomenon of vapor depressions (also known as

keyholes) during laser melting in additive manufacturing.

Zhao et al.[26] found that the voids generated deep inside

the materials were pinned by the advancing solidification

front and further revealed the detailed formation process

of keyhole pores. These are caused by a critical

instability at the keyhole tip which generates acoustic

waves driving the pores near the keyhole tip to move

away from the keyhole bottom and before being trapped

by the solidification front[27]. Leung et al.[28] revealed that

the pore and keyhole formation mechanisms are driven

by a combination of high temperatures and high metal

vapor concentrations in the keyhole with irregular pores

formed via keyhole collapse and pore coalescence.

The P-v process diagram enables the exploration of
process space in LPBF to simply and conveniently

identify high-density conditions[30,31]. As the temperature

of the molten pool (or the laser energy density) increases,

there are 3 melting modes; namely a conduction mode

(where heat is transferred primarily by conduction), a

transition mode[32] and a keyhole mode (where

convection is the dominant heat transfer mode).

Lack-of-fusion pores usually occur in conduction mode

while keyhole porosity in the unstable keyhole mode[31].

Data-driven methods have been used to quantify the

relationship between process parameters, and LPBF

characteristics by classification[22,33–35] or regression
[21,36–39]. Although, machine leaning assisted /data driven

find the relationship between relative density and process

parameters, the lack of interpret-ability and broad

applicability for these models inhibits their application in

3D printing of various metal materials. Therefore, it is

very necessary and urgent to establish an interpretable

universal relative density equation applicable to multiple

metals to escape extensive duplication and inefficient

development. In this respect, the interactions between the

4 key process parameters (P, v, h, d) and porosity (or
relative density) represent a high-dimensional coordinate
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system, which is difficult to visualize and intuitively

understand. Nevertheless, such a relation describing their

impact on porosity is needed to safely and robustly apply

AM processes to the aviation industry and other critical

high structural integrity sectors.

This study seeks to fill that gap, both in terms of an

empirical relation, but also linking this to physics-based

interpretation of the low and high laser energy density

regimes. To that end a data-driven method has been employed

based on a high throughput global design of experiments

study to explore the extent to which various process

parameters affect the relative density. This has been

complemented by a data-physics fusion driven (DPFD)

approach constructed to investigate the physical mechanisms

through which the laser volume energy density impacts the

relative density. Finally, the DPFD model are shown to be

relevant to predicting relative density as a function of laser

process conditions across a range of different materials and

types of LPBF equipment.

2 Materials and Methods
This work fully considered the advantages and

disadvantages of present researches as shown in Fig. 1.
How to obtain a stable and reliable fully dense LPBF
products is still a big challenge. Therefore, a
data-physics fusion driven approach was proposed for
establishing a universal relative density equation
across various of materials which could be helpful to
explore the intrinsic mechanism of relative density.
The main construction procedures of a universal
relative density equation are shown in Fig. 1 and the
more details could be found in the following Section
2.2 - Section2.5.
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Fig. 1 The main idea diagram of this work

2. 1 Sample manufacturing

Gas-atomized GH4169 nickel superalloy powder was

purchased from BLT Corporation having dimensions in

the range 15 – 45 μm (particle size distribution D10 = 17

μm, D50 = 28 μm, D90 = 44 μm) and chemical

composition reference standard: GB/T25829, as

summarised in Table 1. The 30 mm long and 1.52 by

2.50mm gauge cross-section dog-bone samples were
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manufactured by the LPBF machine (BLT-S210, Xi'an,

China) under a 99.99 wt.% argon atmosphere (see Fig.

2 ). The LPBF machine was equipped with an advanced

single-mode YAG fiber laser with a focused beam spot

size of 100 μm and an infrared light laser wavelength of

1060~1080 nm easily absorbed by GH4169 powder, with

a maximum laser power of 500 W. Prior to LPBF, the

powder had been preheated for 4 hours at 120 ℃ to

ensure flowability, and the stainless steel 304 substrate

had been pretreated by sandblasting. A global, stepwise,

as well as a centrally dense, orthogonal design of

experiments strategy was adopted to cover the entire

energy range. The process parameters (P, v, h, d) were
designated into two orthogonal tables (Table L49(7)4 and

L16(4)3) as shown in Table 2 and the 3D models of the

samples were sliced and processed by Materialise Magics

24.0 software (Materialise, Belgium). Other parameters

were selected on the basis of experience (scanning

strategy: chessboard; rotation angle: 67º; shielding argon

flow speed: 1.2 m/s).
Table 1 Superalloy GH4169 chemical composition (wt.%)

Value Cr Ni Mo Al Ti Nb Cu B Co C Si S P Mg Mn

Min. 17.00 50.00 2.80 0.20 0.65 4.75 / / / / / / / / /

Max. 21.00 55.00 3.30 0.80 1.15 5.50 0.30 0.006 1.00 0.08 0.35 0.015 0.015 0.01 0.35

Actual

value
18.98 54.66 3.15 0.48 0.98 5.00 0.034 <0.005 0.12 0.024 0.070 <0.0020 <0.01 <0.01 0.027

Fig. 2 LPBF samples manufacturing and relative density test: (a) LPBF equipment; (b) design of experiments; (c) engineering drawing; (d)

LPBF samples; (e) illustration of relative density test

Table 2 The first (upper half) and second (lower half)

orthogonal tables

2. 2 Relative density measurement

Relative densities were measured through an electronic

balance (ATY124, SHIMADZU Corporation, Japan) with an

accuracy of 0.0001 g by the Archimedes method, as show in

Fig. 2. The dry and clean samples were put into the deionized

water for the relative density test ensuring no air bubbles were

attached to their surfaces.

2.3 Computerized tomography detection for

lack-of-fusion pores

The positions and shapes of pores regions were

identified by the industrial computed tomography (CT)

machine with a spatial resolution of 20 μm and a slice spacing

of 20 μm along the building direction. Two samples with low

laser energy density 12.35 J/mm3 (Process No. 42) and 49.38

J/mm3(Process No. 29)were tested.

2. 4 Data-driven model

Four key process parameters (P, v, h, d) representing the
thermal history, were selected to construct the multivariate

model for correlating against relative density using Minitab

19.Although 1st-order and 2nd-order models were constructed,

their predictive ability was poor ݁ݎ݌2ܴ) < 80 %). Hence, a
3rd-order multivariate model was constructed by the stepwise

regression method and the model optimized by tuning Alpha
to add and Alpha to remove values to select and delete the
items of the model as shown in Table 3, and the model

o. P (W) v (mm/s) h (μm) d (μm)
Group1
1 260 700 90 20
2 290 900 100 20
3 320 1100 110 20
4 350 1300 120 20

Group2
1 100 300 60 20
2 150 600 75 30
3 200 900 90 40
4 250 1200 105 50
5 300 1500 120 60
6 350 1800 135 70
7 400 2100 150 80

(a) (d)(b) (c)

(e)
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evaluation indices are shown in Equation ((2) – (6)). If the

P-value corresponding to the F-statistic for any variable is
greater than the value specified in Alpha to remove

(Equation (7)), then Minitab removes the variable with the

largest P-value from the model, calculates the regression

equation, displays the results, and initiates the next step; If the

P-value is smaller than Alpha to add (Equation (8)), Minitab
adds the variable with the smallest P-value to the model,
calculates the regression equation, displays the results, then

goes to a new step. Stepwise procedure ends when P-values
of all variables not in the model are greater than the specified

Alpha to add value and when P-values of all variables in the
model are less than or equal to the specifiedAlpha to remove
value. The predictive model of relative density reached a high

level of predictive ability when both the two Alpha values
were set to 0.18. Finally, a 3rd-order good stepwise regression

model correlatingP, v, h, d to relative density was established.
Here ܵ is the root mean square error and ܧܵܯ

ܵܯ) (ݎ݋ݎݎܧ is the mean square error:
ܵ = ܧܵܯ = 1݊

݅=1
݊ ݅ݕ) − ŷ݅)2෍ (2)

where ݊ is the number samples; ݅ݕ is the ith observation;ŷ is the ith fitting response. ܴ2 is also known as the

coefficient of determination;ܴ2 = 1 − ܵܵ ݎ݋ݎݎܧ ܵܵ =݈ܽݐ݋ܶ 1 − ݅ݕ)∑ − ŷ)2 ݅ݕ)∑ − 2(ݕ (3)

where ܵܵ is the sum of the squared distances and ݕ is

the average response. ܴ2݆ܽ݀ represents the adjusted R2 as
shown in Equation (4)ܴ2݆ܽ݀ = 1 − ܵܯ ݎ݋ݎݎܧ ܵܯ =݈ܽݐ݋ܶ 1 − ݅ݕ)∑ − ŷ)2 ݅ݕ)∑ − 2(ݕ (݊ − 1) (݊ − ݌ − 1) (4)

where ܵܯ is mean squares; n is the number of

observations; p is the number of items in the model.ܴ2݁ݎ݌ represents the predicted R2.ܴ2݁ݎ݌ = 1 − ܵܵܧܴܲ ܵܵ =݈ܽݐ݋ܶ 1 − 1
݊ ݁݅ 1 − ℎ݅ 2෍ 1

݊ ݅ݕ) − 2෍(ݕ (5)

where ݁݅ is the ith residual error; ℎ݅ is the ith diagonal
element of X(X'X)–1X'. ܵܵܧܴܲ is also used to evaluate

the predictive ability of the model:ܴܲܵܵܧ = 1
݊ ݁݅ 1 − ℎ݅ 2෍ (6)

Variables to remove: An F-statistic and P-value are
calculated for each variable in the model. If the model

contains j variables, then ܨ for any variable, ݎܺ , is this
formula: =ܨ (ݎܺ−݆)ܧܵܵ − ݆ܧܵܵ ݎܺܨܦ ݆ܧܵܯ (7)

where ܧܵܵ ݎܺ−݆ is the ܵܵ ݎ݋ݎݎܧ for the model that

does not contain ݎܺ ; ݆ܧܵܵ is ܵܵ ݎ݋ݎݎܧ for the model
that contains ݎܺ ; ݆ܧܵܯ is ܵܯ ݎ݋ݎݎܧ for the model

that contains .ݎܺ
Variables to add: If Minitab cannot remove a

variable, the procedure attempts to add a variable.

Minitab calculates an F-statistic and P-value for each
variable that is not in the model. If the model contains j
variables, then ܨ for any variable, ܺܽ, is this formula:ܨ= ݆ܧܵܵ − (ܽܺ+݆)ܧܵܵ ܽܺܨܦ ݆)ܧܵܯ (8)

where ݆ܧܵܵ is ܵܵ ݎ݋ݎݎܧ before ܺܽ is added to the

model; (ܽܺ+݆)ܧܵܵ is ܵܵ ݎ݋ݎݎܧ after ܺܽ is added to the
model; ܽܺܨܦ is degrees of freedom for variable ܺܽ (ܽܺ+݆)ܧܵܯ; is ܵܯ ݎ݋ݎݎܧ after ܺܽ is added to the model.

Table 3 Evaluation indexes of relative density prediction model

Prediction model ܵ ܴ2 ܴ2݆ܽ݀ ݁ݎ݌2ܴ Alpha to add Alpha to remove

Relative density 0.016 94.7 % 92.7 % 86.8% 0.3 0.3

2. 5 Data-physics fusion driven model

The upper data driven model of stepwise regression can

provide a relatively high precision in predicting the relative

density. However, it is poor interpretability which lead to it

cannot find the general rules of dense suitable for various of

metal materials in LPBF. Subsequently, considering the heat

history, the relative density equation including the relationship

between E and RD was developed via Box-Lucas model

fitting which could decrease the dimensions of input variables

and also contain useful heat information E. Although the
Box-Lucas model of RD can promote understanding of the

intrinsic mechanisms of RD to a certain extent, its goodness
of fit R2 is poor and not as good as the stepwise model. To
confirm that the Box-Lucas model indeed reflects general

rules of RD, the predictive results provided by stepwise model
were used to verify whether the Box-Lucas model is

reasonable. The detail processes are as follows.

10000 groups of artificial process parameter data

were generated with parameters uniformly distributed

across the ranges of P (50-500 W), v (300-3000 mm/s), h
(60-150 μm) and d (20-80 μm) and the energy density for
each calculated using Equation (1). The simulated data
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for RD were predicted using a 3rd-order stepwise

regression model to form E-RD data pairs to test the

capability of the Box-Lucas model[40]. The basic trend of

the predicted results is consistent with the trend reflected

by the Box-Lucas model, which proved that the

Box-Lucas model is helpful in exploring the intrinsic

mechanism of RD.
However, since it simply considered E rather than the four

process parameters, it can not explain why a wide range of RD is
observed for the same E which is the main reason of its low R2.
one E value can be composed of countless combinations of
process parameters. These process parameters can induce various

of different melt pool temperatures and then lead to different

shapes of weld beads. Therefore, it is reasonable to speculate that

the Box-Lucas model does not include some important

influencing factors. For this reason, a DPFD model was

constructed by introducing contact angle (θ)[41] and boiling factor
(b) into the Box-Lucas model to cover all the data in the E-RD
coordinate system. The data-physics fusion driven model was

inspiredby theMorsepotential energy function (Equation (12))[42],

but ismore complicateddue to its dynamicchanges.

3 Results and discussion
3.1 Relative density test results

Table S1 shows the process parameters and relative

density measurement data across the global LPBF

process parameter window. The first and second groups

of orthogonal experimental results were recorded in No.

1 – No. 16 and No. 17 – No. 65, respectively (see Table

S1). Bulk samples were successfully manufactured using

all the process parameters selected except for trial No. 49

in group 2 where the powder did not become molten

under such a low energy density (6.17 J/mm3). The

sample with a nominally tested relative density of 100 %

was obtained from trial No. 34 in the second group (P =
250 W; v = 600 mm/s; h = 75 μm; d = 40 μm). All the
relative densities of LPBF samples in the first group of

orthogonal experiments are higher than 98 %, however

there is a wide distribution of relative densities from

about 52 % to 100 % in the second group.

The scatter points of process parameters and relative

density is shown in Fig. 3. It is very difficult to obtain fully

dense products, because pores could be occurred in each level

of process parameter such as low P, middle P and high P (Fig.
3 (a)). Fig. 3 (b) is drawn based on all the tested data recorded

in Table S1, without considering the other two parameters

when drawing the P-v color map. Controlling RD only

through two parameters P-v is also adventurous, as changes in

the other two parameters will lead to variations in the optimal

process window (Fig. 3 (b)).
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Fig. 3 The complex nature of the impact of the process parameters on relative density (RD): (a) the RD as a function of the process
parameters; (b) the color map of RD and each two parameters pair and note that other two hidden parameters are not immutable

3.2 CT detection results

From Fig. 4, Two types of pores with different

morphologies are easily found in low E samples through
CT detection. Larger scale pores with more irregular
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morphologies and fewer in number in Fig. 4 (a) are

lack-of-fusion pores due to lower laser energy (12.35

J/mm3) input for LPBF forming. In contrast, the smaller

scale pores with relatively dispersed and more uniform

distribution as well as a large number of dots'

morphologies in Fig. 4 (b) are lack-of-fusion pores

because of higher laser energy (49.38 J/mm3) input

during LPBF forming. Especially, the larger

lack-of-fusion pores exhibit an obvious interlayer

penetration phenomenon. These apparent differences

prompt us to DPFD model to uncover their underlying

physical mechanisms later.

Fig. 4 Lack-of-fusion pores in CT detection as well as the number of slice layers yellow labelled on the samples; (a) lack-of-fusion pores

with E = 12.35 J/mm3; (b) lack-of-fusion pores with E = 49.38 J/mm3

3.3 Data-driven model and predicted results

Considering the 4 key process parameters (P, v, h,
d), a multivariate regression model was employed to
explore the complex dependency of relative density (or

porosity) on these parameters summarised in Fig. 3. A

3rd-order stepwise regression method was applied. Firstly,

all the 3rd-order relations between laser power, scanning

velocity, hatch spacing, power thickness, and their

interaction function were introduced to construct a

regression model of relative density. Furthermore, to

obtain the most appropriate fitting, the model was

optimized by tuning Alpha to add and Alpha to remove
values for removing the insignificant constructing items

of the model and remaining the significant items (as

shown in Table 3 and Table 4). The final best-fit

regression model is summarised by Equation (9) with the

coefficients defined to a precision of 10 decimals in

Table 4.
Table 4 Coefficient statistical test and variance analysis of relative density model

Term Coef SE Coef T-value P -value VIF Source DF Adj SS Adj MS F -value P -value

Constant 0.8500128767 0.0866809064 9.81 0.000 Regression 16 0.195322 0.012208 47.25 0.000

P 0.0011569549 0.0009975705 1.16 0.253 1705.53 P 1 0.000348 0.000348 1.35 0.253

v -0.0000644759 0.0000382600 -1.69 0.099 101.62 v 1 0.000734 0.000734 2.84 0.099

h -0.0025762963 0.0007002903 -3.68 0.001 77.67 h 1 0.003497 0.003497 13.53 0.001

d 0.0168158479 0.0035112808 4.79 0.000 1220.33 d 1 0.005926 0.005926 22.94 0.000

P*P -0.0000075477 0.0000033105 -2.28 0.028 4917.23 P*P 1 0.001343 0.001343 5.20 0.028

d*d -0.0003944023 0.0000699407 -5.64 0.000 4302.80 d*d 1 0.008216 0.008216 31.80 0.000

P*v 0.0000005560 0.0000001413 3.93 0.000 155.33 P*v 1 0.003999 0.003999 15.48 0.000

P*h 0.0000165045 0.0000058103 2.84 0.007 1015.77 P*h 1 0.002085 0.002085 8.07 0.007

P*d -0.0000130571 0.0000088672 -1.47 0.148 777.49 P*d 1 0.000560 0.000560 2.17 0.148

v*h -0.0000007579 0.0000001869 -4.05 0.000 35.75 v*h 1 0.004247 0.004247 16.44 0.000

v*d 0.0000004144 0.0000008799 0.47 0.640 257.92 v*d 1 0.000057 0.000057 0.22 0.640

P*P*P 0.0000000081 0.0000000037 2.20 0.033 1112.32 P*P*P 1 0.001250 0.001250 4.84 0.033

d*d*d 0.0000028445 0.0000004740 6.00 0.000 1278.05 d*d*d 1 0.009305 0.009305 36.02 0.000

P*P*h -0.0000000197 0.0000000111 -1.77 0.084 731.58 P*P*h 1 0.000812 0.000812 3.14 0.084

P*P*d 0.0000000410 0.0000000190 2.16 0.036 540.39 P*P*d 1 0.001211 0.001211 4.69 0.036

P*v*d -0.0000000059 0.0000000032 -1.85 0.071 354.05 P*v*d 1 0.000886 0.000886 3.43 0.071

Error 42 0.010851 0.000258

Total 58 0.206173

30 31 32 33 34 35

（a）

15 16 17 18 19 20

（b）
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ܦܴ = 0.85 + 0.001157 ܲ − 0.000064 ݒ − 0.002576 ℎ + 0.01682 ݀ − 0.000008 ܲ ∗ ܲ− 0.000394 ݀ ∗ ݀ + 0.000001 ܲ ∗ ݒ + 0.000017 ܲ ∗ ℎ − 0.000013 ܲ ∗ ݀− 0.000001 ݒ ∗ ℎ + 0.000000 ݒ ∗ ݀ + 0.000000 ܲ ∗ ܲ ∗ ܲ + 0.000003 ݀ ∗ ݀ ∗ ݀− 0.000000 ܲ ∗ ܲ ∗ ℎ + 0.000000 ܲ ∗ ܲ ∗ ݀ − 0.000000 ܲ ∗ ݒ ∗ ݀
(9)

To better evaluate and reflect the validity of the

RD-predicted model, ܵ , ܴ2݆ܽ݀ , ܴ2݆ܽ݀ , and ݁ݎ݌2ܴ were

calculated, and their values are shown in Table 3. The

indexesAlpha to add andAlpha to remove in Table 3 were
applied to select and delete items of the model for model

optimization. The Alpha values were typed in to determine
whether items can be added into or removed from themodel.

From Table 3, S is slightly lower than 0.02 and the
coefficient of determination ܴ2 is 94.7 %, illustrating the
good fitting ability of the model. The ݁ݎ݌2ܴ value was

adjusted to the maximum value by tuning the Alpha values
to delete such insignificant items and retain the significant

items to gain the optimal generalization capability of the

model. When the two Alpha values were set as 0.3, the
model reached optimal. Meanwhile, the stepwise procedure

ends when the P-values of all items not in the model were
greater than Alpha to remove = 0.3 and the P-values of all
items except ݒ ∗ ݀ in the model were less than or equal to
Alpha to add = 0.3 (Table 3 and Table 4).

From Table 4 and Fig. 5 (a), it is evident that the

strongest to weakest influence on relative density of the

process parameters is the hatch spacing followed by the laser

power, scanning velocity, and layer depth according to the

P-values or the Pareto effects. In the normal probability
graph (Fig. 5 (b)), these points are almost arranged in a line,

indicating that there is no evidence to prove that the

distribution of residuals is non-normal. From Table 3, the

root mean square error of relative density is less than 0.02,

which illustrates the model has been optimized well under a

global condition.

（a） （b）

Fig. 5 Relative density model evaluations: (a) Pareto chart for the influence degree of terms on relative density; (b) normal probability plot

3.4 Data-physics fusion driven (DPFD) model

Although the stepwise regression model suggests

the relative importance of key process parameters on

relative density, it does not contain any materials'

characteristics or environmental conditions. To do this

we employ a DPFD model constructed as follows: firstly,

a relationship between E and RD was established after
removing the abnormal data, and the mathematical model

of E and RD was constructed from experimental data.

Subsequently, the DPFD model was developed to make

up the shortcomings of this simple model. Finally, the

DPFD model was validated using multiple sources,

including simulated data, experimental data, and

reference reported data [39,43–48].

As shown in Fig. 6 (a), several datapoints were

abnormal according to the residual error analysis. Both

the stepwise regression model and the Box -Lucas model

were constructed after deleting the same abnormal data

recognized by the residual error diagnosis, as shown in

Fig. 6 (a) inset. To quantify the impact of the energy

density of the laser on relative density, the Box-Lucas

model was introduced to regress for the energy density of

the laser (E) and relative density (RD) as shown in Fig. 6
(b), and the original Box-Lucas model was expressed

using the following Equation ߟ:[40](10) = 1ߠ 1ߠ) − (2ߠ ) ݌ݔ݁ − 2ߠ (1ߦ − −) ݌ݔ݁ 1ߠ (1ߦ (10)

where ߟ is the yield of intermediate product B in a
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consecutive chemical reaction (A→B→C); 1ߠ and 2ߠ
are constants measuring the specific rates of the first and

second decompositions, respectively; 1ߦ is elapsed time.
The RD model was optimized by the

Levenberg-Marquardt iterative algorithm until

convergence (Equation (11) and Table ܦܴ:(5 = ܽ1 (ܽ1 − ܽ2) ݌ݔ݁ − ܧ2ܽ − −) ݌ݔ݁ (ܧ1ܽ (11)

Moreover, the results of the regression indicate that the

fitting ability of the model is not as good as the stepwise

model for RD (R2 = 71 % compared to 94 % for the

stepwise model, as shown in Table 3 and Table 5). It

should be noted that the Box-Lucas model curves cannot

explain all the relative density data because one E can
correspond to a wide range of RD values (see Fig. 6 (b)
and Fig. 6 (c)). Therefore, it is necessary to develop less

naive models to explore the effect of processing on RD.
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Fig. 6 The relationship between the energy density, E, of the laser and relative density, RD: (a) the scatter point diagram for the

experimentally measured relative density and energy density and the abnormal points removed inset; (b) Box-Lucas regression model; (c)

10000 datapoints simulated using Equation (9) (no upper boundary of predicted RD set); (d) P-v processing window predicting porosity

defects of Ti-6Al-4V agrees with the cube sample results [23] (it means three regimes in the pore state in the P-v coordinate system); (e)

three regimes in energy density interval

Table 5 The regression results of the relationship of E and RD constructed by the Box-Lucas model.

Box - Lucas model ܽ1 ܽ2 ܴ2 ܴ2݆ܽ݀
Relative density 1.05E-1±3.8E-3 6.3E-5±3.2E-5 71.2 % 70.7 %

To capture more of the physics, a physics-based
approach is proposed based on two material
characteristics, namely the contact angle (θ) and the
boiling factor (b)[31], as illustrated in Fig. 7 (a). This
reflects the fact that these are believed to determine
the relationship between E and RD in the low E and

high E regions, respectively. The model originates
from the Morse potential energy function, as shown in
Equation (12)[42]. Then the universal relative density
equation is established by introducing the factors θ
and b, as shown in Equation (13).
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Fig. 7 The whole consideration of laser, material and environment, and multi-materials validation: (a) the illustration of introducing two

characteristics θ and b; (b) multi-materials validation[39,43–48]

(ݎ)ܧ = ݌ݔ݁ܦ ݎ)ߚ2− − (0ݎ − ݌ݔ݁ܦ2 ݎ)ߚ− − (0ݎ (12)

ܦܴ = cos ߠ + 1 ܥ + ܾ cos ߠ + 1 ܥ − ܾ · ݌ݔ݁ ܧ·ܾ−  − ݌ݔ݁ − cos ߠ + 1 ܥ ܧ· (13)

where ߠ is the contact angle; ܥ is a constant and whenܥ = 10, the model is the special case suitable for

GH4169 alloy; ܾ is the boiling factor which measures

the contribution of metallic vapor to the formation of

pores and is also relative to environment; and E is the

volume energy density of the laser. The model (we

termed it as the RD dynamic sickle model) is shown

graphically in Fig. 8 and the general expressions are

shown in Equation (14) and Equation (15).

which becomes

wherein ܶ ߠ is the item related to wettability (mainly

dependent on the materials and the temperature of the

molten pool). The initial value of 0ܦܴ is near to 1 and is
related both the wetting characteristics ( but also the
boiling factor (b).

The model is consistent with the essential physics.

In the low E region, as the wettability increases (or the
contact angle (θ) decreases), the relative density

increases rapidly to 1, as illustrated in Fig. 8 (a) – Fig. 8

(c). In the high E region, the relative density is dependent
mainly on the boiling factor (b) decreasing slowly with
increasing b, as shown in Fig. 8 (a), Fig. 8 (d), and Fig. 8
(g). Critically, the model is validated by different kinds of

material data, as shown in Fig. 7 (b), including our

experimental data and previously reported data [39,43–48],

generated by different materials, environments, and

process parameters (heat history).

ܦܴ = ܶ ߠ +ܾ ܶ ߠ −ܾ · ݌ݔ݁ ܧ·ܾ− −  ݌ݔ݁ ܧ·(ߠ)ܶ− where (ߠ)ܶ = ݏ݋ܿ) ߠ + ܥ/(1 (14)

ܦܴ = ·0ܦܴ ݌ݔ݁ ܧ·ܾ− −  ݌ݔ݁ ܧ·(ߠ)ܶ−
where 0ܦܴ = ܶ ߠ +ܾ ܶ ߠ −ܾ = cos 1+ߠ ܾ+ܥ cos 1+ߠ ܾ−ܥ (15)
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Fig. 8 The RD relationship model constructed with the factors E, θ, and b: (a) – (c) b =0 and θ = 40°, 80°, 120°, respectively; (d) – (f) b = 5 ×

10-5 and θ = 40°, 80°, 120°, respectively; (g) – (h) b = 1 × 10-4 and θ = 40°, 80°, 120°, respectively

4. Discussion
Pore defects are the main reason of density loss[49].

At present, research on machine learning assisted LPBF

parameter optimization mainly focuses on limited

processing parameters (such as laser power and scanning

speed). It lacks comprehensive consideration of factors

that affect the process, such as thermal history[50]. Our

research provides a comprehensive perspective on how

thermal history affects relative density.

Our results summarised in Fig. 6 (a,b) show, in

common with previous work[46,48,51], that there are two

sub-optimal regimes in the E vs RD parameter space; the
lower energy density and the high energy density regime.

This is consistent with there being two competing effects

on the relative density. Here two factors, namely the

contact angle (θ) and the boiling factor (b), were
employed to simulate the E vs RD curve. In the low E
regime, porosity is mainly dependent on the contact

angle (θ)[52]. In the high E regime, since porosity

commonly occurs after the molten pool begins to

evaporate[27], porosity is mainly affected by the boiling

factor.

The results are consistent with these physical effects.

In the extremely low E region, the energy from the laser
cannot melt the powder and the bulk sample cannot form,

which was validated by the experimental result of No. 49
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(RD = NA). As E continues to increase, the powder
particles begin to partially melt[53], however the relative

density is only marginally in excess of that for closely

packed spheres (74%) with the RD of No. 32 being 77 %
and No. 48 being 75 %, respectively. At this stage, the

most influential factor has transformed from the

wettability of the powder particles to the wettability of

the weld bead. In the relatively low E region, the porosity
existing at the interface of weld beads has been observed

to be lack-of-fusion pores[23] (Fig. 6 (e)). As the E
increases further, all the powder can be melted fully in

weld bead, and the wettability improves further[54–56] and

the RD increases, mainly dependent on the contact angle
in the E-RD coordinate system, till the temperature

reaches the boiling temperature of GH4169 powder.

In this E regime, the wettability nearly reaches its
peak, but as the E increases further, metal vapor starts to
form, and the recoil pressure causes the molten pool to

form a vapor depression (keyhole). This causes the

protecting gas to become entrained into the molten pool

by the recoil pressure, Marangoni force, and laser

pressure. The entrained gas captured by the front of the

solid-liquid interface is relatively finite in the high E
region, except that the materials are completely governed

by the vapor, like laser cutting. In this global process

parameter window, the maximum E (close to 600 J/mm3)
is already sufficiently large (Table S1) that the relative

density in the high E region is unlikely to be lower than
95 %.

In effect the process window is divided into 3 zones

in P–v space, namely the lack-of-fusion zone, the nearly
fully dense zone (optimal process window), and the

keyhole pore zone (Fig. 6 (d))[22,30]. The results are in

accord with our experimental data (Fig. 6 (e)). In a single

curve of E-RD, there is only a single broad maximum
however the four laser parameters give rise to a more

complex parameter space which can be captured by the

four-parameter empirical regression analysis.

To further demonstrate the universality of the

constructed RD theory, we further measured the wetting
angle of the weld bead in reference[57] (Fig. 10 (a)) and

calculated the corresponding laser energy density under

different process parameters according to Equation (1)

(assumed the hatch spacing is 100 μm and layer thickness

is 30 μm), and recorded the process parameters and

wetting angles (Fig. 10 (b)). After that, a

two-dimensional scatter plot was drawn between the

wetting angle and energy density (Fig. 10 (c)). Due to the

complete negative correlation between the value of

wetting angle and wetting properties, to provide a more

intuitive display, we introduced 180 ° - θ to represent the
size of the wetting properties of weld bead and drew a

graph of the influence of wetting properties on density

(Fig. 10 (d)). There is an inflection point in wettability,

that is a fully melted point of bead, which divide the laser

energy density interval into 2 parts, interval 1 and

interval 2 (Fig. 10 (d)). Interval 1 reflects that in this

energy range, insufficient energy leads to incomplete

melting of the bead, resulting in a coexistence of solid

and liquid phases in the melt pool. Due to the presence of

solid phases, the wettability increases sharply with

increasing energy density. Interval 2 reflects that after the

bead is completely melted, the wettability of the melt

does not sharply increase with the increase in energy

density. Since wettability reflects the properties of the

liquid within the melt pool, once the solid phases have

completely disappeared, no factors greatly affecting the

wettability can occur thereafter. The wettability relatively

slowly increases as the temperature increases.

The contact angle ߠ (as shown in Fig. 7 (a)) can be
derived from the Young’s equation (Equation (16))[58]:γsg = γsl + γlgcosߠ (16)

ߠ = arccos sgߛ − g݈ߛslߛ (17)

where ߛ is the surface tension between any two phase

interfaces in the gas, liquid, and solid phases denoted by

s, l, and g, respectively. The gas-liquid interfacial tension

is temperature dependent, as shown in Equation lgߛ:[59](18) = lmߛ + Aγ T − Tm (18)

where lmߛ is the gas-liquid interfacial tension at the

melting point; Aγ is the surface tension gradient. lgߛ of
GH4169 alloy decreases with temperature increases, as

shown in Fig. 9. The characteristics of GH4169 are:Tm=1610 K, lmߛ = 1.81 N/m, Aγ = −3.7 × 10−4 Nm-1K-1,ߛlg Tm =1.81 Nm-1. The solid-liquid interfacial tension

can be calculated by Equation (19)[60].γsl T = β ∆SmNA1/3VM1/3T (19)

where NA is Avogadro's number, ∆Sm is the molar

entropy of fusion, Vm is the molar volume of the solid, β

= 0.86 for fcc and hcp and β = 0.71 for bcc, respectively.

Vm can be calculated by Equation (20)[61].Vm = Mρs(T) (20)

where M is the molar mass and ρs is the density of the
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solid. ∆Sm satisfied Equation (21) at the melting poin [61].

∆Sm = ∆Hfus·MT݉ T (21)

where ∆Hfus is melting enthalpy, here ∆Hfus = 227J/g.
according to the above equation, γsl T݉ = 0.3481 Nm-1.

The gas-solid interfacial tension can be calculated by

Equation (22)[62].

γsg T ≈ 1.2γlm 1 − 0.229 TTm − 1
+ 0.01 TTm − 1 2 (22)

Here, γsg T݉ =2.172 Nm-1. Therefore, the following

relationship is established.γsg Tm > γsl Tm + γlg Tm (23)

Therefore, there is no equilibrium state at the

solid-liquid-gas three phase boundary and the melting

pool will spread until solidification. This result is

consistent with the literature[61] but with different

materials. The contact angle increases with the increase

of scanning speed and scanning spacing; The contact

angle increases first, then decreases, and finally stabilizes

with the increase of scanning layers[63]. These results and

the DPFD model motivate us to study the evolution of

contact angle with energy density.

Fig. 9 Surface tensions of GH4169 change with temperatures

calculated by JMatPro software

There is a physically significant characteristic

temperature point not far after the fully melted point,

which is the keyhole-forming point induced by

evaporation[27] (Fig. 10 (e)). After this point, the

wettability not only reinforces density but there is also a

new effect that decreases density. As the energy increases,

the evaporation effect becomes more significant, causing

the tip of the vapor depression to detach and form an

unstable keyhole, which is then captured by the

solid-liquid interface of the melt pool during

solidification[27], resulting in a relative density decrease.

The final density decreases slowly due to the combined

effects of these two competing factors, which were

proven by our measurement data (Fig. 10 (f)) and

revealed by Equation (15).
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Fig. 10 The physical mechanism of relative density: (a) the reprinted figure in reference[57] and we further measured the contact angle (θ)

of weld bead; (b) θ in deferent laser power (P) and scanning speed (V); (c) contact angle along with E; (d) 180°-θ along with E; (e) the

influence of characteristic temperature points on relative density; (f) three regimes could be divided by characteristic temperature point

Fig. 11 (a) illustrates two re

gions of contact angles, region 1 and region 2,

which are delineated by the melt points of cast iron,

specifically the start melt point at 1140 ℃ and the fully

melted point at 1220 ℃ (Fig. 11 (a) and (b)). These

regions are in accordance with the results shown in Fig.

10 (c) and (d). Region 1 represents a fuzzy region (where

solid and liquid phases coexist) with temperatures below

the fully melted point (1220 °C), in which the contact

angle sharply decreases as the heating temperature

increases. Conversely, region 2 represents a fully melted

region with temperatures exceeding the fully melted

point (1220 °C) corresponding to the inflection point, in

which the contact angle slowly decreases as the heating

temperature increases. The results provide valid evidence

of the fully melted point as shown in Fig. 10 (e) and (f).

The difference between Fig. 10 (c) and Fig. 11 (a) lies in

the fact that the changes in contact angle are dispersed in

Fig. 10 (c), but smooth in Fig. 11 (a). This difference

arises from the same energy density E resulting in

different energy absorptions by the powder/weld bead,

furtherly generating different temperature of a weld bead

in LPBF printing, insight from the following Equation

(24) in the literature[1].ݒ· 12 ߨ ݀2 + ℎ24 · 12 ·materialߩ ׬sdܥ ܶ ܮ+ = ܲ·λߙ (24)

Where ߩ is density; sܥ is the

temperature-dependent specific heat capacity of the solid;ܮ is the latent heat of fusion; λߙ is the absorptance of
the material to the laser irradiation of wavelength, λ.
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Fig. 11 The relationship between contact angles (θ) and heating temperature: (a) Contact angles of cast iron change with temperature,

modified by reference [64]; (b) melt points of cast iron ranges from 1140 ℃ to 1220 ℃ calculated by JMatPro software

5 Conclusions

(1) A data-physics fusion driven approach is proposed to

explore the origins of porosity or relative density in

LPBF metal additive manufacturing.

(2) A 3rd-order empirical stepwise regression model was

constructed between laser power (P), scanning velocity
(v), hatch spacing (h), layer depth (d), and relative
density. The results of statistical analysis suggest that the

importance of the process parameters in determining

relative density are in the order layer depth > hatch

spacing > scanning velocity > laser power.

(3) In the global process window, 4 regimes were

discussed; 1) Powder not sintered or fused (RD = NA), 2)
Powder partially sintered or fused (RD < 74 %), 3)

Powder completely sintered or fused (74 % < RD
<100 %), 4) Molten pool vaporisation (95 % < RD
<100 %). Neglecting the unmanufacturable regime, the

process window could be divided into 3 regimes

according to the volume energy density of the laser,

corresponding to a lack-of-fusion regime (too low E), a
highly dense region (intermediate E) representing the
optimal process conditions, and a keyhole region (too
high E).
(4) A DPFD model of relative density has been

constructed in the E vs RD coordination system by

introducing contact angle (θ), and boiling factor (b)
which measures the contribution of metallic vapor to the

formation of pores and is also relative to environment.

The relative density increases rapidly as E increases in
the low E regime, but it falls slowly as E exceeds the

optimal range (process window); Meanwhile, the density

rapidly increases as θ decreases in the low E regime, but
it falls slowly as b increase when E exceeds the optimal
process window.

(5) The DPFD model results and subsequent analysis

uncover the optimal process window (intermediate E)
boundaries are the starting point of the fully melted point

and endpoint of the keyhole pores formation point.

Compared with the traditional P-v process diagram, the
model expands the design freedom of process parameters

from 2 parameters (laser power, scan speed) to 4

parameters (laser power, scan speed, hatch spacing, layer

thickness).

(6) A simple 2-parameter physics model explains the

general trend for a variety of materials manufactured by

LPBF providing a new starting point for producing fully

dense products manufactured from LPBF across a range

of materials.
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Table S1 The process parameters and relative density measurements data

Process NO. P v h d E RD porosity
1. 260 900 90 20 160.49 99.23 0.77
2. 260 1100 100 20 118.18 99.26 0.74
3. 260 1300 110 20 90.91 99.63 0.37
4. 260 700 120 20 154.76 99.13 0.87
5. 290 900 100 20 161.11 99.02 0.98
6. 290 1100 90 20 146.46 99.60 0.40
7. 290 1300 120 20 92.95 99.23 0.77
8. 290 700 110 20 188.31 99.34 0.66
9. 320 900 110 20 161.62 99.06 0.94
10. 320 1100 120 20 121.21 98.68 1.32
11. 320 1300 90 20 136.75 98.92 1.08
12. 320 700 100 20 228.57 98.93 1.07
13. 350 900 120 20 162.04 98.69 1.31
14. 350 1100 110 20 144.63 99.47 0.53
15. 350 1300 100 20 134.62 99.82 0.18
16. 350 700 90 20 277.78 99.48 0.52
17. 400 1500 105 20 126.98 99.40 0.60
18. 150 1200 120 20 52.08 99.00 1.00
19. 350 600 150 20 194.44 99.89 0.11
20. 300 1800 90 20 92.59 100 0
21. 200 2100 75 20 63.49 99.31 0.69
22. 250 900 135 20 102.88 100 0
23. 100 300 60 20 277.78 99.69 0.31
24. 150 2100 90 30 26.46 86.55 13.45
25. 250 1800 105 30 44.09 97.77 2.23
26. 350 1500 120 30 64.81 99.38 0.62
27. 100 1200 135 30 20.58 79.89 20.11
28. 400 300 75 30 592.59 98.93 1.07
29. 200 900 150 30 49.38 94.02 5.98
30. 300 600 60 30 277.78 99.08 0.92
31. 150 900 60 40 69.44 99.12 0.88
32. 100 2100 105 40 11.34 77.74 22.26
33. 350 300 90 40 324.07 96.83 3.17
34. 250 600 75 40 138.89 100 0
35. 300 1500 135 40 37.04 94.06 5.94
36. 200 1800 120 40 23.15 85.71 14.29
37. 400 1200 150 40 55.56 99.91 0.09
38. 400 2100 120 50 31.75 96.32 3.68
39. 250 1500 150 50 22.22 90.25 9.75
40. 100 900 75 50 29.63 92.45 7.55
41. 350 1200 60 50 97.22 99.03 0.97
42. 150 1800 135 50 12.35 79.80 20.20
43. 300 300 105 50 190.48 98.43 1.57
44. 200 600 90 50 74.07 100 0
45. 350 2100 135 60 20.58 87.11 12.89
46. 150 600 105 60 39.68 90.22 9.78
47. 200 1500 60 60 37.04 89.33 10.67
48. 300 1200 75 60 55.56 75.27 24.73
49. 100 1800 150 60 6.17 NA NA
50. 250 300 120 60 115.74 98.06 1.94
51. 400 900 90 60 82.30 96.11 3.89
52. 400 1800 60 70 52.91 93.37 6.63
53. 150 1500 75 70 19.05 51.70 48.30
54. 350 900 105 70 52.91 96.22 3.78
55. 250 1200 90 70 33.07 89.89 10.11
56. 200 300 135 70 70.55 94.73 5.27
57. 100 600 120 70 19.84 84.70 15.30
58. 300 2100 150 70 13.61 79.86 20.14
59. 250 2100 60 80 24.80 93.81 6.19
60. 350 1800 75 80 32.41 95.56 4.44
61. 400 600 135 80 61.73 98.81 1.19
62. 150 300 150 80 41.67 96.28 3.72
63. 200 1200 105 80 19.84 91.88 8.12
64. 300 900 120 80 34.72 98.76 1.24
65. 100 1500 90 80 9.26 91.92 8.08

(Note: “NA” means no bulk sample formed because lowest energy density cannot melt powder, and after laser processing, it still remains a powder state)
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