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a b s t r a c t

Laser directed energy deposition (DED) of high-quality structural Al-based alloys is chal-

lenging due to the inherent physical and thermal properties of the Al powder feedstock.

Therefore, an in-depth understanding of the influence of the applied processing parame-

ters on the characteristics of the deposited material is paramount if one is to attain optimal

performance. The objective of this study is to investigate the influence of the dominant

processing parameters (laser power, scan speed, powder mass flow rate (PMFR), and hatch

spacing) on the geometrical characteristics (track's height and dilution) of Al5083 double

tracks fabricated using Laser Engineered Net Shaping (LENS®). Central composite design

(CCD) response surface methodology (RSM) was utilized to study the influence of the varied

processing parameters and their interactions and to develop an empirical statistical pre-

diction model for the studied responses. The results reveal that the applied PMFR has a

strong influence on the deposited track's height (positive) and dilution (negative). The laser

power at the first-order factor shows a weak influence for both studied responses. How-

ever, the interaction between the laser power and the hatch spacing shows significant

effects on the track's height and dilution. The microstructure and microhardness of the as-

deposited Al5083 double tracks are also discussed, as proxies to the anticipated perfor-

mance of the deposited material.

© 2022 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Laser directed energy deposition (DED) is a widely used addi-

tive manufacturing (AM) process. It utilizes the unique set of
.

his is an open access arti
interactions between a focused laser beam, the delivered

feedstock material (powder or wire), and the formed melt

pool. Upon melt pool solidification, near-net-shape parts are

built layer-by-layer according to a pre-defined three-dimen-

sional (3D) computer-aided design. The DED process is not
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limited solely to the deposition of 3D parts; it also has some

attractive cladding [1,2] and repair [3] applications. The com-

plex inherent process characteristics of the DED process, such

as repeated heating-cooling thermal cycles, rapid solidifica-

tion, and laser beam/delivered powder/melt pool interactions,

have a direct effect on the properties of the deposited mate-

rial. The ability to control the abovementioned process char-

acteristics is a key for achieving a defect-free material with

desirable microstructure and optimal properties [1,4,5].

Aluminum alloys have gained popularity over the last de-

cades due to their exceptional combination of physical and

mechanical properties, such as high specific strength, excel-

lent corrosion resistance, good ductility, and low recyclability

costs [6]. Hence, Al alloys are widely utilized in numerous

applications and industries; automotive, aerospace, marine,

defense, and biomedical, among others [7,8]. The increased

interest and need by high-impact industries for alternative

processing technologies that allow Al alloy fabrication with

geometrical flexibility, increased design freedom, and

enhanced properties have driven the AM community. How-

ever, to date, AM of useful Al alloys is still considered a sig-

nificant challenge.

The inherent physical properties of Al, such as high ther-

mal conductivity, high thermal expansion coefficient, oxida-

tion susceptibility, poor powder flowability, low melting

temperature, poor melt flowability, and selective evaporation

of low-melting alloying elements, make it a significant chal-

lenge to utilize laser-based AM, including powder bed fusion

(PBF) and DED [9]. The reader is referred to reviews [7,9,10] for

a more detailed description of the challenges associated with

the fabrication of Al alloys via laser-based AM. The above-

mentioned characteristics might promote the formation of a

variety of defects, such as porosity, lack of fusion (LoF), and

cracking [1], thus degrading the mechanical properties of the

as-deposited Al alloy.

One of the key barriers that must be overcome in order to

successfully deposit a high-quality, defect-free Al alloy with

the desired microstructure and enhanced mechanical prop-

erties is the establishment of a fundamental understanding of

the relations between processing variables and the resulting

chemical composition, microstructure, and geometry. For

instance, in recent years the study of additivelymanufactured

Al alloys has mainly focused on the deposition of near-

eutectic AleSi and AlSi10Mg hypoeutectic compositions.

This is mainly due to the high content of Si, which improves

the melt-pool wettability properties and decreases the

shrinkage upon rapid solidification [10,11]. In a related study,

Kiani et al. [12] successfully established a process window for

the deposition of single-track thin walls and 3D blocks by DED

of AlSi10Mg. It was shown that the scalability of single-track

deposition to thin walls or 3D blocks is limited even when

using the same processing parameters. This non-scalability

was mainly ascribed to unique thermal history discrepancies

associatedwith the different deposited geometries due to heat

accumulation during the increase in deposit's height. This

heat accumulation causes a decrease in laser reflectivity and

thermal conductivity of Al, thus lowering the applied energy

required to enable proper deposition. In AM of AleSi alloys,

selective evaporation of the low melting point alloying ele-

ments is not a big issue. On the other hand, in AleMg alloys,
selective evaporation of low melting point alloying elements

such as Mg and Zn and the low melt wettability pose large

barriers. In a recent study, Svetlizky et al. [9] reported a

reduction of about 35% in the Mg concentration due to its

evaporation in response to the applied laser energy. The ef-

fects of the applied process parameters (laser power, laser

scan speed, and powder mass flow rate (PMFR)) on the

porosity, density, chemical composition, and mechanical

properties of the as-deposited alloy were also discussed.

In recent years, many studies have tried to identify, pre-

dict, and characterize the influence of the DED key process

parameters on the geometry, microstructure, defect forma-

tion, thermal history, melt pool shape, and properties of

various material systems at the single track, layer, and entire

part levels [9,13e22]. However, the high number of involved

factors during DED processing (process variables, feedstock-

related factors, and deposition system specifications [1]),

along with their coupling crosslinking interactions (both

synergistic and antagonistic interactions), make the ability to

characterize their direct nonlinear influence on the deposit a

significant challenge. One way to tackle the challenge is to

utilize advanced design of experiments (DOE) and statistical

methodologies. Such DOE techniques were reported to be very

efficient in: (1) the development of analytical predicting

models in terms of input process parameters [18,23], (2)

reducing the number of experiments [24], and (3) process

optimization [17,25,26].

The central composite design (CCD)methodology allows to

embed in the experimental matrix axial and center data

points in addition to the full or fractional factorial data points.

In a recent report, Guo et al. [26] utilized CCD combined with

the analysis of variance (ANOVA) method to develop a pre-

diction model for the effect of the varied DED process pa-

rameters on themultilayer geometrical characteristics (width,

area, and flatness) of the as-deposited FeeCr-based alloy. In

addition, the response surface method (RSM) was utilized to

obtain the optimal process parameters for amultilayer clad. In

another study, Lian et al. [23] established a predictionmodel to

study the effect of critical process parameters (laser power,

scan speed, gas flow rate, and overlapping rate) on the clad's
geometrical characteristics (width, flatness, and dilution) of

M2 tool steel, utilizing both CCD and ANOVA. That study

showed an increased deposit width and flatness when

applying increased laser power combined with lower laser

scan speed and overlap rate, while the gas flow showed an

insignificant effect on the deposit width. The latter finding is

in good agreement with other studies conducted on various

materials [27e29]. In contrast, a combination of reduced laser

power and scan speed and increased overlap rate resulted in a

reduced dilution. Finally, the optimal process parameters

were obtained using the RSM method to attain maximal de-

posit width with minimal dilution and deposition layer

flatness.

To the best of the authors' knowledge, no previous studies

have developed a prediction model and investigated the cor-

relation between the key DED processing parameters and the

geometrical characteristics of double-track deposition of

Al5083. Herein, we employ RSM to develop an analytical pre-

diction model for the combined effects (quadratic and two-

way effects) and to evaluate the interactions between the

https://doi.org/10.1016/j.jmrt.2022.02.042
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Table 2 e Central composite design (CCD) experimental
matrix with the corresponding response values.
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dominant processing parameters (laser power, laser scan

speed, PMFR, and hatch spacing) and the deposited Al5083

geometrical characteristics responses.

Run Pattern Factors Response

P m V HS H (mm) D

1 � � þ þ 675 10 1075 0.5 7 0.94

2 � � þ � 675 10 1075 0.3 38.9 0.82

3 A 0 0 0 900 15 950 0.4 46.8 0.84

4 0 0 A 0 750 15 1200 0.4 32.6 0.86

5 � � � � 675 10 825 0.3 29.2 0.86

6 0 A 0 0 750 25 950 0.4 164.19 0.57

7 0 0 0 0 750 15 950 0.4 42.5 0.84

8 0 a 0 0 750 5 950 0.4 LoF 1

9 � � � þ 675 10 825 0.5 LoF 1

10 � þ þ � 675 20 1075 0.3 68.4 0.74

11 þ � � þ 825 10 825 0.5 20.2 0.91

12 þ þ � þ 825 20 825 0.5 92.6 0.70

13 0 0 0 0 750 15 950 0.4 25.1 0.86

14 0 0 0 A 750 15 950 0.6 29.9 0.89

15 � þ þ þ 675 20 1075 0.5 44.5 0.83

16 þ þ þ � 825 20 1075 0.3 70.9 0.75

17 0 0 0 0 750 15 950 0.4 28.5 0.88

18 0 0 a 0 750 15 700 0.4 72.3 0.73

19 0 0 0 a 750 15 950 0.2 68.7 0.74

20 0 0 0 0 750 15 950 0.4 38.9 0.84

21 þ þ � � 825 20 825 0.3 81.6 0.68

22 � þ � � 675 20 825 0.3 98.1 0.67

23 � þ � þ 675 20 825 0.5 61.8 0.77

24 þ � � � 825 10 825 0.3 34.5 0.86

25 0 0 0 0 750 15 950 0.4 52.8 0.79

26 þ � þ � 825 10 1075 0.3 19.9 0.91

27 þ þ þ þ 825 20 1075 0.5 63.1 0.78

28 a 0 0 0 600 15 950 0.4 30.5 0.86

29 0 0 0 0 750 15 950 0.4 23.9 0.90

30 þ � þ þ 825 10 1075 0.5 49.4 0.82
2. Methodology

2.1. Materials and deposition of double tracks

A pre-alloyed gas atomized Al5083 powder synthesized by TLS

Technik GmbH & Co. (Bitterfeld-Wolfen, Germany) was used

as a feedstock material. The chemical composition of the

powder was: 4.527 wt.% Mg, 0.544 wt.% Mn, 0.242 wt.% Fe,

0.027 wt.% Zn, 0.006 wt.% Ti, 0.005 wt.% Cr, 0.004 wt.% Cu,

balance e Al. Detailed information on the powder feedstock

surface morphology, powder size, and sphericity distribution

are given elsewhere [9]. Al6061 plate with a nominal chemical

composition of 0.8e1.2wt.%Mg, 0.4e0.8wt.% Si, 0.15e0.4wt.%

Cu, 0.04e0.35 wt.% Cr, max 0.7 wt.% Fe, max 0.15 wt.% Mn,

max 0.15 wt.% Ti, other elementsmax 0.15 wt.%, Al e balance,

was used as a substrate.

A 750 LENS® system (Optomec, Inc., Albuquerque, NM,

USA) equipped with continuous-wave 1 kWNd:YAG laser (IPG

Photonics, Inc., Oxford, MA, USA) operated under a controlled

environment glove chamber was used to deposit the Al5083

two adjacent single-track depositions (i.e., double tracks) with

varied processing parameters conditions. The motivation in

analyzing double-track deposits instead of the classical

single-track deposition methodology was: (1) to study the in-

fluence of the applied hatch spacing on the analyzed dilution

and track height, and (2) to evaluate the appropriate hatch

spacing value that will result in a flat, defect free “single

layer”. The double-track deposition process of the samples

was carried out in Ar atmosphere to minimize oxidation

during deposition. The O2 level in the glovebox was main-

tained below 5 ppm during the deposition process. A 10 min

dwell time between two different runs (according to Table 2)

was used to allow the substrate to cool down to avoid thermal

effects which might influence the measured responses. Only

each double-track in a single run was continuous. Further-

more, the gas circulation system was kept on, with shield gas

blowing on the substrate during the dwell time. The deposited

Al5083 double tracks were sectioned at their center, assuming

that their geometry is consistent and uniform along the de-

posit track. The sectioned samples were mounted and then

mechanically grounded using a 320 grit SiC paper. The
Table 1 e DED processing parameters and their
corresponding levels.

Factor Units Factor Level

a e 0 þ A

Lase power (P) W 600 675 750 825 900

Powder mass

flow rate (m)

g/min 5 10 15 20 25

Laser scan

speed (v)

mm/min 700 825 950 1075 1200

Hatch

spacing (HS)

mm 0.2 0.3 0.4 0.5 0.6
polishing of the ground samples was done using diamond

suspensions of 9, 3 and 1 mm abrasive size, while final pol-

ishing was done using 0.05 mm silica suspension. Following

the final polishing, Keller's reagent (2 mL HF, 3 mL HCl, 5 mL

HNO3, 190 mL deionized (DI) water) was used to chemically

etch the samples for macro- and micro-structural character-

ization. The chemically etched cross-sections were charac-

terized using a light optical microscope (OM) (AX10, ZEISS,

Oberkochen, Germany) and a scanning electron microscope

(SEM, Quanta 200 FEG, FEI, Waltham, MA, USA). Image anal-

ysis software (ImageJ) was used to measure the geometrical

characteristics (bead height, cross-sectional deposit area, and

melt pool cross-sectional area) of the polished cross-sections

of each second track in the double-track depositions. Fig. 1

shows schematics of a double-track deposition with the cor-

responding analyzed deposition characteristics. The micro-

hardness of the as-deposited double tracks was measured

using the Knoop microhardness test under 50 g load applied

for 15 s, according to ASTM E384-17.

2.2. Design of experiments (DOE) methodology

In this study, an RSM with a four-factor rotatable CCD

experimental design was generated and analyzed using JMP

15.0 data analysis software (SAS Institute Inc., NC, USA). The

CCD experimental matrix consisted of 30 double tracks, with

16 factorial points, eight axial points, and six replicated center

https://doi.org/10.1016/j.jmrt.2022.02.042
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Fig. 1 e Geometrical parameters of double tracks fabricated

by DED. W is the deposit's width, H is the deposit's height,

HS is the hatch spacing, Ac (colored blue) and Am (colored

orange) are the single track's deposit area and melt pool

cross-sectional area, respectively.
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point experiments (notated by a four-character pattern of

numbers, letters and symbols in Table 2, and marked in red in

Figs. 3a,b and 4a,b. The addition of a centerepoint repetition

to a DOE design is an efficient way to evaluate the model's
error, validity, and reproducibility [30]. Table 1 lists the vari-

able factors and the corresponding factor levels used for the

deposition of Al5083 double-track experimental matrix. The

hatch spacing (HS) represents the distance between adjacent

deposited single tracks. The track's height (H) and dilution (D)

were defined as the model responses. The dilution was

calculated using Eq. (1) [31]:

D¼ Am

Ac þAm
(1)

The experimental matrix with the corresponding analyzed

response data is shown in Table 2. The implemented RSM

allows determining the influence of the applied independent

input processing parameters on the output geometrical

characteristics and establishing a prediction model for the

studied responses. The response prediction model is fitted to

the input variables with the following a second-order poly-

nomial equation, Eq. (2) [32]:

Y¼b0 þ
Xk

i¼1

bixi þ
Xk�1

i¼1

Xk

j¼iþ1

bijxixj þ
Xk

i¼1

biix
2
ii þ ε (2)

where Y represents the predicted response variable, xi and xj
are the independent factors, b0, bi, bij, and bii are the model

coefficients, and ε is the predictionmodel error, defined as the

independent experimental error.

The RSM analysis was utilized to establish a process pa-

rameters map and empirical formula predicting the direct

effect and relationship of the studied DED process parameters

(Table 1) on the analyzed geometrical characteristics of the as-

deposited Al5083 (Table 2) at the studied range of the used

factor levels (Table 1). A significance level of less than 5%

(p < 0.05, t-test) and a lack of fit level p > 0.05 (F-test) were used

for all statistical analyses. The experimental data were fitted

and analyzed in two stages. The first stage included all the

effects in Eq. (2) and normalized versions of the factors. Then,

non-significant effects were eliminated according to the

defined significance criteria of their effects on all studied
responses. In the case of effect heredity, first-order effects

were retained even if not passing the model significance

criteria if the factor was involved in a second-order effect. The

resulting reduced model was fitted in the second stage

without normalizing the factors.
3. Results and discussion

Al5083 double tracks were successfully deposited by LENS on

the Al6061 substrate according to the CCD experimental ma-

trix. The four-factor rotatable CCD experimental matrix and

the analyzed responses for each experimental run are shown

in Table 2. The DED process involves many variables that

directly influence the deposited material microstructure,

physical and mechanical properties [1]. The selection of the

laser power, scan speed, powder mass flow rate, and hatch

spacing as the dominant varying processing parameters in

this study was made based on previous experience and the

literature [1,33,34].

It should be noted that our model is not ill-posed. The

whole point of the CCD is to provide a sufficient basis for

estimating all the terms in the second-order polynomial.

Removing some of the terms (because they had small effects)

does not make the model “more estimable”. As in most model

building processes, there is a “bias/variance” tradeoff here:

including more terms reduces bias but increases variance

(estimating more terms strains the data more, hence higher

variance). Those tradeoffs are most glaring in problems that

are ill-posed; there (unlike the CCD and second-order model),

one cannot fit all terms and, therefore, must apply some form

of effect selection or regularization. Even when the model is

not ill-posed, the effect selection has a similar impact of

inducing regularization, reducing variance, but at the risk of

adding bias.

Second-order polynomial regression prediction models for

the as-deposited Al5083 double-track geometrical character-

istics (height and dilution) were developed in this study using

the least-square method, and are presented in Eqs. (3) & (4).

The developed prediction models include both quadratic and

linear terms.

H ¼ 245:553� 948:333 HS� 0:401 Pþ 5:2 mþ 0:133 v

þ0:34 m2 þ 1:164 HS,P� 0:012 m,v (3)

D ¼ 0:346þ 3:0267 HSþ 0:00131 P� 0:0413 m� 0:0005 v

�0:000531 m2 � 0:00362 HS,Pþ 0:0000423 m,v (4)

Note, Eqs. (3) and (4) are limited to the range of the studied

variable factor levels, using input factors with the appropriate

units according to Table 1.

Table 3 summarizes the fit and lack-of-fit analyses of the

developed empirical prediction models at a 95% level of sig-

nificance. The summary of fit data assesses the quality of

correlation between the predicted and actual measured data

using the regression coefficient (R2). The R2 of the developed

prediction model for the height and dilution responses are

0.88 (Fig. 3a) and 0.89 (Fig. 4a), respectively.

Previous studies suggested that a model fit is considered

adequate if the R2 values are above 0.80 [35,36]. The models

https://doi.org/10.1016/j.jmrt.2022.02.042
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Fig. 2 e A summary of the effects of process parameters on the dilution and height responses at the middle level. The blue

envelopes represent the 95% confidence interval of the response.
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developed for both height and dilution satisfy this criterion.

The adjusted R2 (adj-R2 in Table 3) further confirms the validity

of the developed models for the studied responses, showing

less than 0.05 difference between the adj-R2 and the obtained

R2 for both response prediction models [37]. The lack-of-fit

analysis estimates the validity and accuracy of the devel-

oped prediction model based on either the centerepoint rep-

lications (pure error) or the whole model (total error). For both

models, the lack-of-fit test found no evidence of the need for

more complex prediction equations (p > 0.05). Note that the

developed response surface prediction model is valid at the

factor's levels range (Table 1). However, out of the factors level

range, themodel might not provide valid prediction, therefore

additional data points should be added [38].

According to the developed predictionmodels, 3D response

surface curves were established for each response in order to

illustrate the correlations between the independent variable

factors and the studied responses at the studied factors' levels.
Fig. 2 summarizes the effects on the track's height and dilution

responses at the middle levels of each factor.

3.1. Response surface analysis of the deposit's height

At first glance (Table 2), it is evident that a change in the

applied processing parameters, including the laser power,

scan speed, powdermass flow rate, and hatch spacing, results

in a considerable change in the deposit's morphology and

geometrical characteristics. Within the range of the studied

variable factor levels, the deposited track's height varies be-

tween non-successful depositions (defined as LoF, corre-

sponding to H ¼ 0) and 164 mm (Table 2). Table 4 shows the

parameters effect estimation and their significance level

considering all linear and quadratic factor interactions influ-

encing the deposit's height response (confidence interval

marked between vertical blue dashed lines). Table 4 also dis-

plays the type of parameter effect (negative or positive) on the

deposit's height response. The analyzed p-value of the laser

power factor is 0.0834, i.e., not passing the defined significance

level (p < 0.05). However, the interaction between the laser

power and the hatch spacing (P�HS) is significant. Hence, due
to the hierarchy principle, the laser power factor should not be

eliminated from the prediction model of the deposit's height.

Among the six parameters which passed the significance test,

the powder mass flow rate (first- and second-order) exhibits

the most significant effect on the deposit's height.

Fig. 3a shows the correlation between the actual and pre-

dicted deposited track's height data of the developed RSM

prediction model. Fig. 3b shows the residuals from the fit to

the deposit's height in relation to the predicted fit model. The

residual plot presents a random distribution of the residuals

around the fittedmodel, serving as an additional confirmation

that there is a good agreement between the actual measured

Al5083 deposit's height and the developed predictive model

[39]. Fig. 3cef presents the 3D response surfaces that show the

influence of the variable factors on the deposit's height pre-

diction at various factor combinations. Mapping the deposit's
height, it becomes apparent that the deposit's height was

maximized by setting the powder mass flow rate to the

highest level while keeping the other variable factors at the

center point (notated by the pattern: 0 A 0 0, see Table 2).

Fig. 3cef illustrates the significant positive effect of the pow-

der mass flow rate on the deposit's height. This observation is

in good agreement with recent studies [15,39,40] showing a

similar trend. By considering suitable laser power and scan

speed, increasing the powder mass flow rate enables more

feedstock powder to be incorporated and absorbed in themelt

pool, thus resulting in an increased deposit's height. At the

same time, the laser scan speed and hatch spacing show a

negative effect on the deposit's height. These behaviors can be

explained by the interaction between the applied laser beam,

feedstock powder, and the formedmelt pool. As the laser scan

speed increases, both the laser energy density and the powder

density (g/mm2) are decreased. The residence time of the laser

per introduced powder is also decreased, reducing the amount

of feedstock powder absorbed into the formed melt pool, and

consequently resulting in a reduced deposit's height.

Fig. 3c and d shows that the laser power has a positive ef-

fect on the track's height. This observation is consistent with

previous studies showing that the increase in laser power

leads to a significant increase in the width and penetration

https://doi.org/10.1016/j.jmrt.2022.02.042
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Fig. 3 e (a) Comparison between the predicted and actual data for the height response. (b) A residuals plot of the track's
height. Response surface plots showing the predicted track's height as a function of (c) laser power and powder mass flow

rate, (d) laser power and scan speed, (e) powdermass flow rate and scan speed, (f) powdermass flow rate and hatch spacing.
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depth dimensions of the melt pool [41,42] as well as increase

in the deposit's height and width [42e44]. However, as evident

from Table 4 and Fig. 3c,d, the effect of laser power is much

weaker in comparison to the other parameters included in the

prediction model (e.g. powder mass flow rate). To be able to

justify such an effect, especially at the single-layer regime, the

physical properties of the feedstock Al and the Al substrate

should be considered. Physical properties such as the high
reflectivity of the aluminum feedstock and substrate, along

with the high thermal conductivity of the Al substrate, result

in a lower amount of laser energy being absorbed, and

consequently e in a smaller melt pool compared to a material

with lower thermal conductivity and laser reflectivity. Hence,

a reduced amount of powder is able to be incorporated and

absorbed in the formed molten pool, thus leading to the for-

mation of a deposit with a reduced height. Furthermore,
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Fig. 4 e (a) Comparison between the predicted and actual data for the dilution response. (b) A residuals plot of the dilution.

Response surface plots showing the predicted dilution as a function of (c) laser power and powder mass flow rate, (d) laser

power and scan speed, (e) powder mass flow rate and scan speed, and (f) powder mass flow rate and hatch spacing.

Table 3 e Summary of fit and lack-of-fit analyses.

Source DF Sum of Squares Mean Square F-Ratio

Height, R2 ¼ 0.88, Adj-R2 ¼ 0.84, Root Mean Square error ¼ 13.16

Lack of fit 17 3156.43 185.67 1.42

Pure error 5 651.29 130.26 Prob > F

Total error 22 3807.72 0.37

Dilution, R2 ¼ 0.89, Adj-R2 ¼ 0.85, Root Mean Square error ¼ 0.037

Lack of fit 17 0.022 0.0013 0.85

Pure error 5 0.0077 0.0015 Prob > F

Total error 22 0.030 0.63
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Table 4 e The effect of different variables on the deposit's height.

Term Estimate Std Error t- Ratio Prob|<t|

m (g/min) 29.595 2.685442 11.02 <0.0001a

m � m (g2/min2) 9.9801389 2.451462 4.07 0.0005a

HS (mm) �7.520833 2.685442 e 2.80 0.0104a

P (W) � HS (mm) 8.73125 3.288981 2.65 0.0145a

m (g/min) � v (mm/min) e 7.40625 3.288981 e 2.25 0.0346a

v (mm/min) e 5.6375 2.685442 e 2.10 0.0475a

P (W) 4.8708333 2.685442 1.81 0.0834

a Denotes a statistically significant value.
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insufficient laser power may also result in an inability to

properly melt all incorporated powder, also resulting in a

reduced deposit's height.

The distance between two adjacent deposition tracks, i.e.,

the hatch spacing, is a key process parameter that highly in-

fluences the geometrical characteristics, dimensional accu-

racy, and defect formation in DED deposition of multilayer

structures [4,40]. Most commonly, when discussing the influ-

ence of hatch spacing on the deposit's height, studies have

mainly focused on the height in the single/multi-layer level to

achieve either a minimal flatness ratio [45] or dimensional

accuracy [46]. There is limited information in the literature on

the influence of the hatch spacing on the geometrical char-

acteristics in the context of the influence on the adjacent

deposited single-track's height. The adjacent track geomet-

rical characteristics are influenced by the previous track

geometrical characteristics (e.g., height, width, contact angle),

surface roughness, and the hatch spacing [47]. Interestingly,

the hatch spacing factor exhibited in this study a negative

effect on the deposit's height (see Table 4). Fig. 3f shows that

the increase in the hatch spacing leads to the formation of

deposits with a slight reduction in height. This observation is

not consistent with a previous study that showed nonco-

herent trends for both the adjacent deposit width and height

as the applied hatch spacing was increased [48]. However, it

should be noted that the material system, laser type, and

processing parameters utilized in Ref. 48 were different from

those used in the current study.

3.2. Response surface analysis of the dilution

The DED process utilizes a focused high-energy laser to form a

melt pool on the substrate while introducing material feed-

stock powder into the melt pool. Upon the laser's movement,

rapid solidification of the melt pool takes place to form a de-

posit track. One of the key principles of material deposition

using DED is establishing sufficient metallurgical bonding

between the deposited material and the substrate/previous

deposited layer. Dilution is often used to quantify the metal-

lurgical bonding level, and is expressed according to Eq. (1).

Previous studies established a general standard defining an

optimal range of 10e30% dilution for optimal metallurgical

bonding [49,50].

Within the range of the studied variable factor levels, the

obtained dilution varied between 1 for unsuccessful
depositions (LoF) and 0.54 (Table 2). The dilution obtained in

this study thus has relatively high values. This may be related

to the inherent challenge in deposition of Al alloys by DED.

The high reflectivity of the Al substrate and the injected Al

powder requires a substantial amount of energy to form a

proper melt pool as most of the applied laser energy is re-

flected by the Al substrate instead of being absorbed. This

leads to increased melt pool dimensions, and consequently,

increased penetration area and relatively shallow deposits

(Table 2), altogether leading to increased dilution values.

Table 5 shows the parameters effect estimation and their

significance level, considering all linear and quadratic factor

interactions that influence the dilution response. The type of

parameter effect (negative or positive) on the dilution

response is also presented (Table 5). As can be seen in Table 5,

the second-order parameter of the powder mass flow rate is

insignificant (p > 0.05); hence, it was excluded from the

analyzed dilution prediction model. Among the significant

parameters, the powder mass flow rate shows the most sig-

nificant effect on the dilution response (negative effect). This

could be expected, as an increased powder mass flow rate

leads to an increase in the deposition area (Ac), thus reducing

the dilution value.

Fig. 4a shows the correlation between the actual and pre-

dicted dilution of the developed RSM prediction model. Fig. 4b

shows the dilution distribution of the residuals data points in

relation to the predicted fit model. The residuals plot presents

a random distribution of the residuals around the fit model,

with a good agreement between the actual and predicted

dilution. The effect of the applied powder mass flow rate can

be observed in the response surface plots shown in Fig. 4cef.

As can be seen in Fig. 4d, the increase in laser scan speed has

an opposite effect; it results in a reduced deposit track area

while having a negligible effect on the penetration area, thus

leading to the observed increased dilution.

The laser power exhibits only aminor positive effect on the

obtained dilution (Fig. 4c,d). The analyzed p-value of the laser

power factor is 0.1676, not passing the defined significance

level (p < 0.05). Yet, the interaction between the laser power

and the hatch spacing (P � HS) is significant. Hence, due to the

hierarchy principle, the laser power factor was not eliminated

from the prediction model of the dilution.

The significant effect of an increase in the applied laser

power on the observed dilution could be expected as it directly

increases the melt pool area. However, the increase in laser
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Table 5 e The effect of different variables on the deposit's dilution.

Term Estimate Std Error t-Ratio Prob|<t|

m (g/min) e 0.085458 0.007563 �11.30 <0.0001a

HS (mm) 0.0307083 0.007563 4.06 0.0005a

P (W) � HS (mm) e 0.027188 0.009262 e 2.94 0.0077a

m (g/min) � v (mm/min) 0.0264375 0.009262 2.85 0.0092a

v (mm/min) 0.0167917 0.007563 2.22 0.0370a

m � m (g2/min2) e 0.013285 0.006904 e 1.92 0.0673

P (W) e 0.010792 0.007563 e 1.43 0.1676
a Denotes a statistically significant value.
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power also positively affects the deposit area, as more intro-

duced powder particles aremelted. Therefore, the laser power

effect on the dilution is mainly controlled by the strength of

the laser power effect on both the deposit and penetration

areas, as both compensate each other according to Eq. (1),

resulting in an only minor effect on the dilution [51].

In DED processing of both single-layer coating deposits and

3D items, the hatch spacing plays a vital role in controlling

defects such as interlayer porosity, cracking, and surface

roughness [52]. In this study, two adjacent tracks were

deposited with a pre-defined hatch spacing, according to the

range of levels presented in Table 1. The first track was

deposited on the Al 6061 substrate, while the adjacent second

track was deposited partly on a previously deposited track. As

shown in Table 5, the hatch spacing factor displays a statis-

tically significant positive effect (p < 0.05) on the dilution

response at the level of the studied factors. However, the

positive effect of theHS on the dilution becomesweaker as the

P is increased. As the hatch spacing value increases, the ob-

tained deposited area (Ac) is decreased, leading to an increase

in the deposit dilution (Fig. 4f). This observation is in good

agreement with previous reports [52]. It should be borne in

mind that the partial pressure of oxygen affects surface ten-

sion, and thereby the behavior of the molten “bead”. Here, we

used anOptomec system,which allowed us tomaintain theO2

level in the glovebox constantly and repeatedly at below

5 ppm during the deposition process. Table 6 compares the

relationships between the substrate and powder chemistries,

processing parameters, O2 level, and the responses (deposit's
height and dilution), as previously reported. It is evident that

in most cases a shielding gas was used (although a few pub-

lications report O2 levels lower than either 20 ppm or 5 ppm),

which typically cannot ascertain similar low levels of oxygen

and repeatability.

3.3. Double-track characterization

3.3.1. Microstructure
The macrostructure and microstructure of the DED depos-

ited double tracks were characterized using OM and SEM.

Both transverse and longitudinal cross-sections were stud-

ied. Fig. 5.a shows a low-magnification top view of a repre-

sentative double-track deposition (Run 21, pattern: þ þ � �).

In general, most of the studied double tracks showed

continuous and uniform track morphology, if neglecting the
unsuccessful depositions (Runs 8 and 9). However, as can be

seen in Fig. 5a, a non-uniform surface with numerous partly

melted powder particles attached is apparent on the double-

track surface and the substrate adjacent to it. Haley et al.

[59] ascribed this phenomenon to feedstock particles that

either float on the melt pool surface and freeze at the melt

pool boundaries, where a lower temperature exists, or

melted feedstock particles that pass through the laser beam

path, forming a molten droplet which falls and solidifies on

the surface. Fig. 5b shows the microstructure at the cross-

section of the double track presented in Fig. 5a. The

boundaries of the double-track deposit can clearly be seen,

forming a mesh-like morphology [9]. The sequence of de-

posits is also clear, as the second track (left solidification

cell) is at a hatch spacing distance to the first track (right

solidification cell) and partly re-melts the adjacent depos-

ited track. Fig. 5c,d reveals distinct microstructures at the

top and bottom of a single solidification cell cross-section,

composed of a selectively etched phase surrounded by the

a-aluminum. The secondary phase is comprised of a

mixture of lamellar and rod-like eutectic structures, which

are commonly related to unsteady/rapid rate solidification

[60]. The volume fraction of the rod and lamellar morphol-

ogies is controlled by the cooling rate; the volume fraction of

the rod phase increases with solidification velocity [61]. The

selectively etched phase is assumed to be Mg-rich based on

the chemical composition of the deposited Al5083 feedstock

and our previous study [9]. However, due to the nature of the

melt pool dynamics during DED processing [62] and the fact

that the Al5083 feedstock powder and the Al 6061 substrate

have different chemistries, it may also result in a mixture

solidification of both constituents.

3.3.2. Microhardness
Knoop microhardness of the as-deposited representative

double track (Run 6, pattern: 0 A 0 0) wasmeasured. Themean

microhardness of the deposit area (Ac) and the molten pool

area (Am)was 64.4± 3.67 KHNand 65.5± 2.8 KHN, respectively,

showing an insignificant difference between the microhard-

ness of the deposit area and the molten pool area. This lack of

difference is ascribed to the turbulent flow of the molten pool

during DED deposition due to the Marangoni effect [50,63,64].

The unique flow in the formedmelt pool during the deposition

process results in the mixing of the Al5083 feedstock powder

with the Al 6061 substrate to form a track with uniform
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Table 6 e Relationships between substrate and powder chemistries, processing parameters, O2 level, and the responses
(deposit's height and dilution), as previously reported elsewhere. ↑, ↓, ↑↓, e, and NA denote increase, decrease, mixed
effect, no effect, and not available, respectively. Abbreviations of statistical analysis methods: RSM e response surface
methodology, RA - regression analysis, ANOVA e analysis of variance.

Response Material O2 level Processing
parameters

Analysis
method

Ref.

Powder Substrate m P v HS

Deposit's
height

Al 5083 Al6061 <5 ppm ↑ ↑ ↓ ↓ RSM Current

study

NiCrAlY Inconel 738 Shielding gas ↑ ↑ ↓ NA RA [53]

Monel K500 Monel K500 Shielding gas ↑ ↑ ↓ Y[ NA [48]

Ti6Al4V Ti6Al4V Shielding gas ↑ ↑ ↓ NA RA [28]

Inconel 718 Ti6Al4V <20 ppm NA e ↓ NA NA [54]

AISI 321 stainless steel WC-12Co Shielding gas ↑ ↑ ↓ NA RA [27]

AISI 420 stainless steel NiCreTiC composite Shielding gas ↑ ↑ ↑ NA NA [43]

AISI H13 ASTM A36 Shielding gas ↑ ↑ ↓ NA RSM [55]

Inconel 718 A-286 stainless steel Shielding gas [ [ Y NA RA [39]

AlSi10Mg Al6061 <20 ppm [ [ Y NA NA [12]

NiCr-chromium carbides Titanium aluminide Shielding gas [ [ Y NA RA [56]

NiCr-alloy (19E) C45 low-alloyed steel NA [ e Y NA RA [57]

Ti6Al4V Ti6Al4V Shielding gas [ Y[ Y NA ANOVA, RSM [58]

Dilution Al 5083 Al6061 <5 ppm ↓ e ↑ ↑ RSM Current

study

NiCrAlY Inconel 738 Shielding gas ↓ e ↑ NA RA [53]

Ti6Al4V Ti6Al4V Shielding gas ↓ e ↑ NA RA [28]

AISI 321 stainless steel WC-12Co Shielding gas ↓ ↑ ↑ NA RA [27]

AISI 420 stainless steel NiCreTiC composite Shielding gas ↓ ↑ ↓ NA NA [43]

Inconel 718 A-286 stainless steel Shielding gas Y Y [ NA RA [39]

NiCr-chromium carbides Titanium aluminide Shielding gas Y e [ NA RA [57]

NiCr-alloy powder (19E) C45 low-alloyed steel NA Y [ [ NA RA [57]

Ti6Al4V Ti6Al4V Shielding gas Y [Y Y NA ANOVA, RSM [58]
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hardness within a single solidification cell. Discrete Knoop

microhardnessmeasurements of a vertical scan line (from the

top of the deposit to the substrate) of a representative double
Fig. 5 e Micrographs showing the macro/micro-structure of a DE

þ þ ¡ ¡). (a) Light stereomicroscopy top view. (b) Cross-section

rectangles correspond to the zoom-in images shown in (c) and (

zone in (b). (d) OM zoom-in image of the green rectangle zone in (
track are shown in Fig. 6. The gradual increase in micro-

hardness at the substrate zone is ascribed to the thermal

changes that the basematerial undergoes due to the exposure
D Al5083 double track on Al6061 substrate (Run 21, pattern:

OM image after chemical etching. The blue and green

d), respectively. (c) OM zoom-in image of the blue rectangle

b). (e) OM and (f) SEM images of a longitudinal cross-section.

https://doi.org/10.1016/j.jmrt.2022.02.042
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Fig. 6 e Knoop microhardness discrete vertical line scan

measurements from the top to the substrate on the as-

deposited double-track cross-section (Run 6, pattern: 0 A

0 0).
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to increased temperature during the deposition process (heat-

affected zone, HAZ).

3.3.3. Defects
DED is associated with various complex out-of-equilibrium

processes affected by the rapid cooling rates 102e104 K/s

[65], extreme thermal gradients 104e105 K/m [66], and various

laser-feedstock-melt pool interactions [1]. DED deposits may
Fig. 7 e Transverse and longitudinal cross-sections, showing d

Al5083 double tracks. (a) OM image of a transverse cross-section

(b) OM zoom-in image of the blue rectangle zone in (a). (cee) SE

various types of defects observed in Run 22 (pattern: ¡ þ ¡ ¡).
contain various types of defects [1] in their as-deposited state,

which influence their physical and mechanical properties.

The formation of defects during the DED processing is gov-

erned by the applied process parameters (applied energy

density (J/mm2), powder density (g/mm2), hatch spacing, etc.),

and the deposited feedstock properties (density, laser reflec-

tivity, thermal conductivity, melting temperature, selective

evaporation, etc.). The understanding of the underlying ef-

fects of the applied processing parameters on the deposited

material and the interactions between the processing pa-

rameters is vital for the fabrication of defect-free material

using the DED process.

Fig. 7 presents the most common defects in the double

tracks. Fig. 7a,b shows interlayer porosity between the two

adjacent tracks. In general, interlayer porosity is a common

defect in DED-processed parts [1]; it is usually associated with

spherical pores that are located mainly between adjacent

tracks and layers that commonly result from insufficient

applied energy density, Ar gas entrapment due to the rapid

solidification originated in the shielding gas and the powder

mass flow rate [9,50]. These are in good agreement with the

observations of this study, where interlayer porosity was

observed only in Run 6 (pattern 0 A 0 0) associated with the

highest powder mass flow rate within the studied powder

mass flow rate levels. Recent studies have also reported on

the effect of the hatch spacing and overlapping ratio on the

formation of intralayer porosity [40,45,67]. These studies

showed that an inappropriate selection of the applied hatch

spacing between adjacent tracks might result in the forma-

tion of voids and incomplete fusion between adjacent tracks

and the substrate. In this study, all deposited double tracks

showed good metallurgical bonding to the surface, with no
ifferent types of defects observed in the DED-deposited

of Run 6 (pattern 0 A 0 0), showing interlayer gas porosity.

M micrographs of a longitudinal cross-section showing
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observed voids between the deposit and the substrate. The

effect of the applied overlapping ratio between adjacent

tracks is not purely geometrical, but also thermal. An

increased hatch spacing between adjacent tracks is associ-

ated with a larger interface area leading to enhanced heating

effect between the two tracks and prolonged melt pool life-

time, and increased melt pool ability to enclose the formed

voids [45]. Mitigation of interlayer porosity can be achieved

by process optimization and post-processing using hot

isostatic pressure (HIP) treatment [1], for example. Fig. 7cee

shows typical defects in a longitudinal cross-section of a

representative DED Al5083 double track (Run 22, pattern:

� þ � �). Balling effect is evident in Fig. 7c. The balling effect

is a common defect associated with the DED process leading

to increased surface roughness [1]. The formation of balling

over the surface of the deposit is mainly associated with the

Plateau-Raleigh instability, resulting in the formation of

spherical-like balls at the edges of the surface [4]. However,

feedstock particles may also accumulate on the deposit sur-

face due to the ejection of molten droplets out of the melt

pool, resulting in spherical particles attached to the deposit's
surface. This phenomenon is ascribed to the pressure dif-

ference between the melt pool surface tension and the

developed recoil pressure in cases where the melt pool

temperature exceeds the boiling point of the deposited ma-

terial [4,68]. Fig. 7d shows intralayer porosity defects

commonly associated with DED processing. Such porosity is

usually dispersed randomly in the deposited material, and

may result from [1]: (1) inherent porosity in the feedstock

powder [69]; (2) keyhole phenomenon, originated in localized

vaporization in the melt pool due to high applied energy

density, forming a cavity which upon solidification results in

porosity [70]; (3) LoF, originated due to insufficient applied

energy density, resulting in lack of metallurgical bonding

between the deposit and the substrate or a previous layer

[50], or the presence of native oxides on the surface of the

powder feedstock [9]. It should be noted that while keyhole

porosity formation is much more likely in laser PBF (L-PBF)

than in DED, it has also been reported in DED in general, and

in DED of thin layers in particular [71]. Fig. 7e shows an

interlayer cracking within the as-deposited Al5083 double

track. Cracking is a common challenge of DED parts [1]. The

main reason for the formation of such cracks in the as-

deposited material is the inherent repetitive heating/cooling

cycling and the rapid melt pool solidification, leading to re-

sidual stress and, consequently, to cracking of the as-

deposited material.
4. Conclusions

In this study, DED of Al5083 double tracks was studied. The

effects of the dominant processing parameters (laser power,

laser scan speed, powder mass flow rate, and hatch spacing)

on the track's height and the dilution were studied by design

of experiments (DOE), using central composite design (CCD)

and response surface methodology (RSM). Second-order

polynomial empirical prediction models correlating the

applied processing parameters and the studied responses

were developed. The following conclusions were drawn:
1. The as-deposited Al5083 double tracks have good metal-

lurgical bonding to the substrate, with no observed

porosity between the deposits and the substrate.

2. All first-order variable factors have a significant effect on

the deposit's height and dilution. The powder mass flow

rate has the most significant influence on both responses;

while increased powder mass flow rate increases the de-

posit's height, it negatively affects the predicted dilution.

3. The developed track's height prediction model reveals that

increasing the powder mass flow rate while reducing the

hatch spacing and the scan speed leads to increased de-

posit's height. The laser power factor at the first order

shows aweak influence on the track's height. However, the

interaction between the laser power and the hatch spacing

shows a significant positive influence on the track's height.
Furthermore, the second-order interaction between the

applied powder mass flow rate and the scan speed nega-

tively affects the obtained height.

4. The developed track's height prediction model reveals that

minimal dilution can be obtained by applying increased

powder mass flow rate and laser power while reducing the

hatch spacing and scan speed. The laser power factor at

the first order shows a weak influence on the track's dilu-

tion. However, the second-order interaction between the

laser power and the hatch spacing has a significant positive

influence on the track's height, while the opposite trend is

predicted for the second-order interaction between the

powder mass flow rate and the applied scan speed.

5. Microstructural analysis of the double-track deposits re-

veals an a-aluminum primary phase surrounding a sec-

ondary phase comprising a mixture of lamellar and rod-

like eutectic structures. Furthermore, the volume fraction

of the rod and lamellar morphologies is higher at the top of

the track in comparison to the bottom of the track.

6. Only at the maximal level of powder mass flow rate, is an

interlayer gas porosity observed.
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