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ɉɪɨɰɟɫɫ ɥɚɡɟɪнɨɣ нɚɩɥɚɜɤɢ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɩɨɪɨɲɤɚ δКЬОЫ εОЭКХ DОЩШЬТЭТШЧ (δεD) нɚɯɨɞɢɬ 
ɜɫɟ ɛɨɥɟɟ ɲɢɪɨɤɨɟ ɩɪɢɦɟнɟнɢɟ ɜ энɟɪɝɟɬɢɱɟɫɤɨɦ ɦɚɲɢнɨɫɬɪɨɟнɢɢ. ȼ ɤɚɱɟɫɬɜɟ нɚɢɛɨɥɟɟ 
ɚɤɬɭɚɥɶнɵɯ ɩɪɢɥɨɠɟнɢɣ ɞɚннɨɣ ɬɟɯнɨɥɨɝɢɢ ɦɨɠнɨ ɜɵɞɟɥɢɬɶ нɚнɟɫɟнɢɟ ɩɨɤɪɵɬɢɣ ɫ 
ɡɚɞɚннɵɦɢ ɫɜɨɣɫɬɜɚɦɢ нɚ ɢɫɯɨɞнɭɸ ɞɟɬɚɥɶ, ɚ ɬɚɤɠɟ ɜɨɫɫɬɚнɨɜɥɟнɢɟ ɢɡнɨɲɟннɨɣ ɢɥɢ 
ɩɨɜɪɟɠɞɟннɨɣ ɝɟɨɦɟɬɪɢɢ ɢɡɞɟɥɢɣ ɦɚɲɢнɨɫɬɪɨɢɬɟɥɶнɨɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ, нɚɩɪɢɦɟɪ ɥɨɩɚɬɨɤ 
ɬɭɪɛɢн. Ⱦɥɹ ɞɨɫɬɢɠɟнɢɹ нɚɢɛɨɥɶɲɟɣ эффɟɤɬɢɜнɨɫɬɢ ɢ ɩɪɨɢɡɜɨɞɢɬɟɥɶнɨɫɬɢ ɩɪɨɰɟɫɫɚ δεD 
нɟɨɛɯɨɞɢɦɨ ɩɪɢɜɥɟɱɟнɢɟ нɚɢɛɨɥɟɟ ɩɨɥнɨɣ ɢнфɨɪɦɚɰɢɢ ɨ ɫɬɟɩɟнɢ ɜɥɢɹнɢɹ ɨɫнɨɜнɵɯ 
ɩɚɪɚɦɟɬɪɨɜ ɩɪɨɰɟɫɫɚ, ɬɚɤɢɯ ɤɚɤ ɦɨɳнɨɫɬɶ ɥɚɡɟɪнɨɝɨ ɢɡɥɭɱɟнɢɹ, ɫɤɨɪɨɫɬɶ ɩɪɨɰɟɫɫɚ ɢ ɪɚɫɯɨɞ 
ɩɨɪɨɲɤɚ нɚ ɤɨнɟɱнɵɣ ɪɟɡɭɥɶɬɚɬ нɚɩɥɚɜɤɢ, ɚ ɢɦɟннɨ нɚ ɲɢɪɢнɭ ɢ ɜɵɫɨɬɭ ɜɚɥɢɤɨɜ нɚɩɥɚɜɤɢ. 
ɉɨɞɨɛнɵɟ ɡɚɞɚɱɢ ɨɩɬɢɦɢɡɚɰɢɢ ɦɨɝɭɬ эффɟɤɬɢɜнɨ ɪɟɲɚɬɶɫɹ ɫ ɢɫɩɨɥɶɡɨɜɚнɢɟɦ ɦɟɬɨɞɨɜ 
ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɩɥɚнɢɪɨɜɚнɢɹ эɤɫɩɟɪɢɦɟнɬɚ, ɤɨɬɨɪɵɟ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɜɵɛɪɚннɨɣ 
ɫɬɪɚɬɟɝɢɢ ɨɩɬɢɦɢɡɚɰɢɢ ɦɨɝɭɬ ɛɵɬɶ ɞɨɜɨɥɶнɨ ɬɪɭɞɨɟɦɤɢɦɢ. ɉɨ ɫɨɨɛɪɚɠɟнɢɹɦ эɤɨнɨɦɢɢ 
ɜɪɟɦɟнɢ нɚ ɩɪɨɜɟɞɟнɢɟ ɢɫɫɥɟɞɨɜɚнɢɹ ɚɤɬɭɚɥɶнɵɦ ɹɜɥɹɟɬɫɹ ɨɝɪɚнɢɱɟнɢɟ ɱɢɫɥɚ ɨɬɞɟɥɶнɵɯ 
ɬɨɱɟɤ эɤɫɩɟɪɢɦɟнɬɚ. ȼɜɟɞɟнɢɟ D-ɨɩɬɢɦɚɥɶнɨɝɨ ɩɥɚнɚ ɩɨɡɜɨɥɹɟɬ ɢɡɜɥɟɱɶ ɦɚɤɫɢɦɚɥɶнɨɟ 
ɤɨɥɢɱɟɫɬɜɨ ɢнфɨɪɦɚɰɢɢ ɨ ɡɚɜɢɫɢɦɨɣ ɩɟɪɟɦɟннɨɣ ɜ эɤɫɩɟɪɢɦɟнɬɚɥɶнɨɣ ɨɛɥɚɫɬɢ, ɢɫɩɨɥɶɡɭɹ 
ɦɟнɶɲɟɟ ɤɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ эɤɫɩɟɪɢɦɟнɬɚ ɩɨ ɫɪɚɜнɟнɢɸ ɫ ɩɨɥнɨфɚɤɬɨɪнɵɦ ɩɥɚнɨɦ. 
ɋɨɝɥɚɫнɨ ɥɢɬɟɪɚɬɭɪнɵɦ ɞɚннɵɦ (SЮЛЫКЦКЧТКЦ ОЭ КХ., 1999), эффɟɤɬɢɜнɨɫɬɶ ɩɨɞɨɛнɵɯ 
ɩɥɚнɨɜ эɤɫɩɟɪɢɦɟнɬɚ ɩɨɤɚɡɚнɚ ɩɪɢ ɨɩɬɢɦɢɡɚɰɢɢ ɫɜɚɪɨɱнɵɯ ɩɪɨɰɟɫɫɨɜ Д8Ж. ȼɨɡɦɨɠнɨɫɬɶ 
ɩɪɢɦɟнɟнɢɹ D-ɨɩɬɢɦɚɥɶнɨɝɨ ɩɥɚнɚ эɤɫɩɟɪɢɦɟнɬɚ ɞɥɹ ɨɩɬɢɦɢɡɚɰɢɢ ɩɪɨɰɟɫɫɚ ɥɚɡɟɪнɨɣ 
нɚɩɥɚɜɤɢ нɟ ɛɵɥɚ ɢɫɫɥɟɞɨɜɚнɚ ɞɨ нɚɫɬɨɹɳɟɝɨ ɜɪɟɦɟнɢ. 
ȼ нɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɭɟɬɫɹ ɩɪɢɦɟнɢɦɨɫɬɶ D-ɨɩɬɢɦɚɥɶнɨɝɨ ɩɥɚнɚ эɤɫɩɟɪɢɦɟнɬɚ ɞɥɹ 
ɩɪɨɰɟɫɫɚ δεD.  
Ɍɢɬɚнɨɜɵɣ ɫɩɥɚɜ TТ6AХ4 ɢɫɩɨɥɶɡɨɜɚн ɜ ɤɚɱɟɫɬɜɟ ɦɚɬɟɪɢɚɥɚ ɫɭɛɫɬɪɚɬɚ ɢ ɩɨɪɨɲɤɚ ɞɥɹ 
нɚɩɥɚɜɤɢ ɜ ɯɨɞɟ ɩɪɨɜɟɞɟнɢɹ эɤɫɩɟɪɢɦɟнɬɨɜ. Ɋɟɡɭɥɶɬɚɬɵ D-ɨɩɬɢɦɚɥɶнɨɝɨ ɩɥɚнɚ ɫɪɚɜнɟнɵ ɫ 

ɪɟɡɭɥɶɬɚɬɚɦɢ ɩɨɥнɨфɚɤɬɨɪнɨɝɨ ɩɥɚнɚ ɢɫɩɵɬɚнɢɣ. ɉɪɨɞɟɦɨнɫɬɪɢɪɨɜɚнɨ, ɱɬɨ D-

ɨɩɬɢɦɚɥɶнɵɣ ɩɥɚн ɢ ɩɨɥнɨфɚɤɬɨɪнɵɣ эɤɫɩɟɪɢɦɟнɬ ɨɛɟɫɩɟɱɢɜɚɸɬ ɫɨɩɨɫɬɚɜɢɦɵɟ ɪɟɡɭɥɶɬɚɬɵ. 
Ɉɞнɚɤɨ, ɩɪɨɰɟɞɭɪɚ эɤɫɩɟɪɢɦɟнɬɚ ɜɵɩɨɥнɟннɚɹ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ D-ɨɩɬɢɦɚɥɶнɵ ɩɥɚнɨɦ 
эɤɫɩɟɪɢɦɟнɬɚ ɪɟɚɥɢɡɭɟɬɫɹ ɫ эɤɨнɨɦɢɟɣ ɜɪɟɦɟнɢ ɩɨɪɹɞɤɚ 80%. 
 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɚɞɞɢɬɢɜнɵɟ ɬɟɯнɨɥɨɝɢɢ, ɩɥɚнɢɪɨɜɚнɢɟ эɤɫɩɟɪɢɦɟнɬɚ, ɥɚɡɟɪнɚɹ нɚɩɥɚɜɤɚ, 
ɩɚɪɚɦɟɬɪɵ нɚɩɥɚɜɤɢ, ɜɨɫɫɬɚнɨɜɥɟнɢɟ ɩɨɜɟɪɯнɨɫɬɟɣ, ɪɟɦɨнɬнɚɹ ɫɜɚɪɤɚ. 

 

ɉɨɫɬɭɩɢɥɚ ɜ ɪɟɞɚɤɰɢɸ: 11.09.2017 
 

1. Motivation / State of the Art 
 

Primarily developed for coating, laser metal deposition (LMD)is applied for additive 

manufacturing and repair welding today as well. The possibilities of the process are many-
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sided. Nevertheless, the requirement is always a comprehensive process understanding. An 

opportunity to generate process knowledge offers statistical test planning. A huge number of 

test plans are available. The D-optimum experimental design is characterized by an 

extraordinarily high flexibility. In this context, special mention should be made of the manual 

selection of the test points. Furthermore, according to the literature (Subramaniam et al., 

1999) the application of this kind of test plans is recommended for welding processes [8]. The 

application for laser metal deposition has not been exercised yet. For LMD, central compound 

test plans or Taguchi plans are often used. 

 

1.1.  Laser metal deposition 
 

In the process of deposition welding, an additional material is deposited on a locally 

restricted surface during the procedure. For laser metal deposit a laser is used as heat source. 

A focused laser creates a molten pool. At the same time filler material is supplied to the 

molten pool and is fused. After cooling time, the filler material adheres on the work piece. 

Inert gases like argon and helium serve as carrier gas and prevent oxidation of the materials. 

Frequently, an additional shielding gas is implemented to enhance the oxidation-restraining 

effect. Powder as filler material is supplied to the process through a nozzle. The duct of the 

nozzle is linear. Welding beads are formed and from these coatings are constructed. Typical 

dimensions of the welding beads are heights between 0.1 mm and 2 mm and widths from 0.2 

mm to 6 mm.  

Crucial aspects for track geometry are the factors laser power, welding velocity, powder 

mass flow and spot diameter (DVS - Deutscher Verband für Schweißen und verwandte 

Verfahren e.V., 2011) [3]. 

NOMENCLATURE 

P    laser power  Watt 

d    laser spot diameter mm 

v    welding velocity  mm / min     powder mass flow  g / min 

w   track width  mm 

b    track height  mm 

 

An important benefit of the process is the low heat input. For this reason, the materials 

are subjected to a low thermal and subsequently mechanical stress. Moreover, high precision 

of the material application as well as a good control and automation are beneficial. A wide 

application field arises due to these advantages. Therefore, the process is often used for the 

repair of cost-intensive components like sintered tools (Capello, Colombo, & Previtali, 2005) 

[2] or vanadium carbide tools (Leunda, Soriano, Sanz, & Navas, 2011) [5]. Increasingly 

engine and turbine parts are repaired using laser metal deposition. 
 

1.2. Design of experiments 
 

Design of experiments contains a number of different test plans and evaluation methods. 

The aim is to identify relations between input value and target figure. The choice of the best 

experimental design is made with regards to the best possible ratio between effort and 

information yield. That is why full and fractional factorial test plans as well as central 

compound experiment designs are used in many cases. Table 1 illustrates this fact.  

Sun (Sun & Hao, 2012) uses a central composite experimental design in his work to 

investigate on the influence of laser power, welding velocity and powder mass flow on track 
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geometry [9]. Furthermore, he considers the degree of mixing. As filler material Ti6Al4V 

powder and as heat source a Nd:YAG laser is used. The results show that laser power exerts 

the strongest influence on the track width. Weld velocity and powder mass flow only slightly 

affect the track width. Significant factors for the track height are weld velocity and powder 

mass flow. 

Graf (Graf et al., 2013) uses a full factorial test plan to consider the relations on the 

dimensions of the welding bead [4]. Laser power, welding velocity, powder mass flow and 

spot diameter are varied with two steps. As filler material nickel based super alloy René 80 is 

used. The results also demonstrated the main influence on the track width by laser power. The 

track height is significantly shaped by weld velocity and powder mass flow. 

 

Table 1. Examples of design of experiments for LMD 
 

 Author material varied process 

parameters 

test plan 

(Sun & Hao, 

2012) [9] 

Y. Sun, M. Hao  Ti6Al4V P; v; ṁ central compound 

design 

(Graf, 

Ammer, 

Gumenyuk, 

& Rethmeier, 

2013) [4] 

B. Graf, S. Ammer, A. 

Gumenyuk, M. 

Rethmeier 

nickel 

alloy 
P; d; v; ṁ central compound 

design 

(Narva, 

Marants, & 

Sentyurina, 

2014) [6] 

V. K. Narva, A. V. 

Marants und Z. A. 

Sentyurina 

Ti-carbid-

powder 
P; v; ṁ full factorial test 

plan 

(Paul et al., 

2007) [7] 

C. P. Paul, P. Ganesh, 

S. K. Mishra, P. 

Bhargava, J. Negi und 

A. K. Nath 

Inconel 

625 
P; v; ṁ Taguchi design 

 

As shown by the listing in table 1, up to now there are no investigations on the 

application of D-optimum test plans for laser metal deposition. This is presumably due to the 

fact that such test plans include comparably complex experimental designs. The creation of 

these plans is only possible with suitable arithmetic algorithms. Nowadays, a huge number of 

different statistics software systems are available. The advantages of these kind of test plans 

lie within their flexibility. Thus, the number of steps from each investigated factor can be 

freely chosen. Additionally, the step distances must not be kept equidistant. The distribution 

of the test points can occur arbitrarily in the test space. However, the essential advantage lies 

in the fact that certain factor combinations can be excluded. This is especially helpful in cases 

where some settings are practically impossible, for example, if the factor combination 

guarantees no regular coating. The unessential points can be excluded manually or on the 

basis of restrictions. 

D-optimum test plans are iterative generated test plans. Often the D-criterion is used. In 

this manner a global minimization of the scattering behavior of the random sample regression 

coefficients is reached. The D-criterion is defined as follows(Arellano-Garcia, Schöneberger, 

& Körkel, 2007) [1]:                   
(1-1) 
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   : Determinant  

C : covariance matrix  

n: dimension  

Nevertheless, this equation is exclusively valid with a regular covariance matrix. In case 

of a non-regular matrix, a projection matrix can be utilized: 

                      
(1-2) 

K: projection matrix  

K
T
: transpose projection matrix  

With D-optimum test plans the quantity of the test points is variable. Nevertheless, it is 

depending on the amount of the coefficients in the expected mathematical model of the effect 

function (Kp). Thus it applies: 

 

Test points > 1.5 x (Number of coefficients Kp in the mathematical model) 

 

(1-3) 

The quantity of the coefficients Kp can also be determined mathematically. So it is 

relevant whether a linear or a square approach is the basis of the experiments. In this work, a 

square approach is assumed: 

                  

 

(1-4) 

2. Experimental 
 

2.1. Laser metal deposition and materials 

 

A TRUMPF TruDisk 2.0 kW Nb:Yag laser is utilized for the experiments of this work. 

A 5-axis arrangement is used for movement of the powder nozzle. A 3-ray nozzle introduces 

the filler material in the melt pool. As a carrier gas helium is used. In addition, helium and 

argon are applied as protective gases. 

The substrates as well as the powder are titanium alloy Ti-6Al-4V. The chemical 

composition is referred in Table 2. The powder particle size amounts45µm – 100µm. 

 

 

Table 2. Chemical composition Ti-6Al-4V, manufacturer specification in wt.-% 

Al V O N C H Fe Ti 

6.28 3.89 0.11 0.004 0.005 0.002 0.18 rest 

        

 

2.2. Design of experiments, welding parameters and responses 

 

As input variables, the parameters laser power, spot diameters, weld velocity and 

powder mass flow are selected. The choice occurred on basis of past experience. The factor 

variation is shown inTable3. 
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Table 3. Factor variation 

Factor 

steps 
P in W 

d in 

mm 

v in 

mm/min 
   in 

g/min 

1 100 0.6 200 0.35 

2 500 1 700 1.4 

3 1000 1.4 1200 2.1 

4 1500 1.8 1600 2.8 

5 2000 2.2 2000 3.5 

 

 

 
 

 
 

As target sizes track geometry of a welding bead was determined. Therefore, track 

width and track height are measured. Figure 1 shows these measured values. 

 

According to formula 1-3, the D-optimum test plan must contain at least 21 test points. 

To be able to value the informative capability, in this work D-optimal test plans with 25, 50 

and 100 test points are set up and evaluated. The choice of the test points occurred under the 

application of a statistics software. The considered D-optimum test plans are a subset of a full 

factorial test plan under application of restrictions. Thus, it can be made sure that only test 

points are included which are technically feasible. As example, with too low energy per unit 

length a deposit is not possible. Combinations of factor settings are used for restrictions. 

These can be attributed to physical dimensions: energy per unit length, surface energy and 

mass being melted. Limit values were defined with help of previous experiences.  

Consequently, the following three restrictions arise. 

Energy input per unit 

length 

                                    

 

Surface Energy 

                                       

 

Mass is being melted 

                                           

 

The results of the particular D-optimum test plans are compared to a 5
4
 full factorial test 

plan. For evaluation, restrictions were also applied. In this way, the amount of test points 

could be reduced from 625 to 310.  

Figure 1. Target sizes 

25 mm 
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3. Results 

 

In this section, the results of the respective test plans are described. First the full 

factorial test plan is discussed in detail. It is used as a basis for evaluation of the D-optimum 

plan in order to check uncovered effects due to regression function and analysis of variance 

(ANOVA) and check plausibility. 

 

3.1. Full factorial test plan 

 

3.1.1. Track width 

 

Graphic representation of the regression function is shown in figure 2. Matching results 

of the ANOVA can be taken from table 4. 

 

 

Table 4. Full factorial test plan: ANOVA for track width 
 

 

 

 

 

 

 

 

 

 

 

Laser power and weld velocity have significant effect on the track width. Spot diameter 

and powder mass flow influence the track width substantially less. 

The influence of laser power and travel feed can be explained physically. A higher heat 

is supplied with a higher laser power to the basic material. Therefore, a bigger and 

accordingly broader melting pool is formed. Welding beads with a larger width result. With 

the slightest (evaluable) factor step of 500 W an average width of 3 mm is produced while an 

average track width of 3.3 mm is applied with 2000 W. Under acceptance of a confidence 

interval of 95%, the effect strength account between 0.17 mm and 0.37 mm. Therefore, the 

effect is relatively small.  

Effect p-value  Effect p-value  Effect p-value 

P 0.004  P² 0.131  P·d 0.010 

d 0.969  d² 0.656  P·v 0.127 

v 0  v² 0  P·m 0.961 

m 0.003  m² 0.08  d·v 0.150 

      d·m 0.127 

      v·m 0 

Figure 2. Full factorial test plan: main effects on track width 
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The track width decreases with increasing weld velocity. Therefore, the effect of the 

weld velocity is negative. This can be explained by longer retention time, caused by lower 

speed. Thus, the melt pool geometry is decisively influenced. 

Based on the regression function, there is a small influence on the track width, caused 

by the spot diameter. However, the ANOVA indicates a significant effect. The factor is varied 

between 0.6 mm and 2.2 mm. Altogether, an effect strength of 0.22 mm can be ascertained. 

The slight effect can be mostly explained by the introduced power density. A small spot 

diameter generates high power densities. The heat input is made intently on a small surface. 

By heat conduction the adjoining area fuses secondarily whereby the width is influenced. 

With bigger spot diameter the directly molten surface increases accordingly. The previous 

secondarily heated area is fused directly. This leads to nearly constant track widths despite an 

enlargement of the spot diameter. The effect is supported by the Gaussian-power distribution 

of the used laser. A similar result is shown in (Graf et al., 2013) [4].  

The ANOVA indicates the power mass flow to be a significant factor, which could not 

be confirmed by regression. In the process laser metal deposition, powder is supplied to the 

laser beam shortly before striking on the substrate. The powder is heated up and fuses in the 

melt pool. Hence, no effect on the melt pool geometry consists. Therefore, the powder mass 

flow is considered a non-significant factor.  

For evaluation of the results model accuracy parameters, standard distance and 

coefficient of determination are considered. The standard distance S describes data values 

with regard to the regression function. For the track width, a standard distance of 0.33 mm is 

determined by the variance analysis. Thus, the medium width scatters 0.33 mm around the 

average value. For evaluation, it is valid: The better the equation forecasts the values of the 

answer variable, the lower the standard distance S. Therefore, the value 0 is aimed at. With an 

amount of 0.33 mm the calculated standard distance is to be assessed sufficiently small. The 

coefficient of determination R² amounts 91.4%. It provides information about the degree of 

dispersion in observed values of the aim size. As limit a value of 90% is given in literature. 

Therefore, the coefficient of determination of the track width is above the level. 

Consequently, the statements about the effects on track width are confident.  

 

3.1.2. Track height 

 

The evaluation of the track height is also based on regression functions and the 

ANOVA.  

 

  

Figure 3. Full factorial test plan: main effects on track height 
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Table 5. Full factorial test plan: ANOVA for track height 

 

 

 

 

 

 

 

 

 

 

Powder mass and weld velocity have a significant effect on the track height, as 

concluded from the effect diagrams. Laser power and spot diameter seem to have no influence 

on the track height. The results of the ANOVA lead to the same conclusion. 

For construction of high welding beads the quantity of the powder is important. This is 

regulated by the powder mass flow. During the coating process, powder is piled up on the 

resulted melted pool. With higher powder mass flow, repeated applying on already available 

powder particle occurs. Thus, the height increases. Besides, higher layers melt by heat transfer 

of particles. Regression as well as the ANOVA indicate the effect to be square. The square 

course can be explained physically. Even if more powder is supplied to the process, it cannot 

stick to the substrate by the heat input of heat transfer only. Once a certain amount is reached 

the powder cannot be melted completely. Accordingly, there is an optimum. 

In addition, the significant (negative) effect of the weld velocity is understandable. With 

lower speeds and a constant powder mass flow a higher quantity of powder particles is 

applied on a surface element. Thus, more powder is made available for layering. Out of this, a 

higher track height results. Accordingly, the track height decreases with increasing speeds. 

This effect is favored by the energy per unit length. Thus, a comparatively higher energy per 

unit length has positive effects with slower feed.  

The standard distance S amounts to 0.33. Therefore, it is equivalent to the standard 

distance of the track width and estimated as small enough. The coefficient of determination R² 

amounts to 90.25%, which is higher than the limit of 90%. That is why the given statements 

about the effects are assumed as reliable. 
 

3.2. D-optimum experimental designs 

 

In the analysis of the D-optimum test plans, focus lies on recognized effects. The 

meanings of the effects are not repeated. Rather the detected effects are compared to those of 

the full factorial test plan. Besides model accuracy parameters, standard distance S and 

coefficient of determination R², conditions for the evaluation of design of experiments, 

normal distribution, homoscedasticity and autocorrelation, are considered. 

 

3.2.1. Track width 

 

In the following regression functions of respective factors are illustrated for carried out 

test plans. Figure 4 represents the regressions functions. Table 6 shows the results of the 

ANOVA. Furthermore, conditions for evaluation of design of experiments were examined: 

normal distribution, homoscedasticity and autocorrelation (see Table 7). The results of the full 

factorial test plan are given as reference values. 
 

Effect p-value  Effect p-value  Effect p-value 

P 0.531  P² 0.014  P·d 0.008 

d 0.762  d² 0.059  P·v 0.775 

v 0  v² 0  P·m 0.069 

m 0  m² 0.008  d·v 0.002 

      d·m 0.221 

      v·m 0 
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Figure 4. D-optimal experimental designs: main effects on track width 

 

The D-optimum experimental design with 25 test points does not fulfill the criteria for 

normal distribution, homoscedasticity and autocorrelation. Therefore, the results of the D-

Optimum test plan must be assumed non-valid. The D-optimum test plans with 50 and 100 

test points fulfill all criteria. 

Looking at model accuracy parameters the D-optimum test plan with 25 test points 

appears to have higher standard distance S. The coefficient of determination R² shows no 

conspicuities. Since the applicability of the D-optimum test plans is investigated, the 

corrected degree of certainty and the forecasted degree of certainty are considered, too. The 

value of the forecasted degree of certainty amounts less at 90%. Hence, it can be concluded 

that an over fit of the model is given. The stability of the model must be questioned. The D-

optimum experimental designs with 50 and 100 test points show no strong divergence. To 

sum up, the D-optimum test plan with 25 test points is classified as not confidential. The D-

optimum test plans with 50 and 100 test points fulfill the criteria and are evaluable. 
  



 ɉɊɂɆȿɇȿɇɂȿ D-ɈɉɌɂɆȺɅɖɇɕɏ ɉɅȺɇɈȼ ɗɄɋɉȿɊɂɆȿɇɌȺ 55 

 

 

ȽɅɈȻȺɅɖɇȺə əȾȿɊɇȺə ȻȿɁɈɉȺɋɇɈɋɌɖ, № 3(24) 2017 

Table 6. D-optimal experimental designs: ANOVA for track width 

 

Table 7. D-optimal experimental designs: Criteria for the evaluation for track height 
 

 25 test points 50 test points 100 test points 

normal distribution    

homoscedasticity    

autocorrelation    

 

Table 8 gives an overview of the significant main effects of the different D-optimum 

test plans in the direct comparison to the full factorial test plan with regard to the target sizes. 

 

Table 8. Comparison of the test plans according to the recognized effects for track width 

 

It could be shown that all carried out D-optimum test plans identify the essential main 

effects, laser power and weld velocity. The figures indicate the factor laser power to be very 

squared in contrast to all D-optimum test plans with fewer test points. An optimum of this 

factor cannot be physically explained. The interpolation is estimated as too strong. The D-

optimum test plan with 50 and 100 test points shows a linear influence and is comparable with 

the reference value. The factors spot diameter and powder mass flow only slightly affect the 

track width. Thus, it is understandable that these effects cannot be clearly identified with 

 

 

  
 

 
 

   
Effect 

p-value  
Effect 

p-value 

25 test 

points 

50 test 

points 

100 test 

points 

  25 test 

points 

50 test 

points 

100 

test 

points 

P 0.18 0 0  P·d 0.508 0.505 0.300 

d 0.535 0.150 0.008  P·v 0.084 0.021 0 

v 0.026 0 0  P·m 0.121 0.002 0 

m 0.457 0.067 0.003  d·v 0.068 0 0 

P² 0.273 0.014 0.001  d·m 0.163 0.084 0.014 

d² 0.659 0.445 0.066  v·m 0.265 0.149 0.002 

v² 0.03 0.001 0      

m² 0.973 0.701 0.937      
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lower quantities of test points. Therefore, the choice of the test points is of vital importance. 
 

3.2.2. Track height 
 

The regression functions of the carried-out test plan are subdivided in the investigated 

factor and are shown in the following. The results of the ANOVA are shown in Table 9. The 

criteria for evaluation – normal distribution, homoscedasticity and autocorrelation – were also 

checked. The full factorial test plan serves as reference value. 

 
 

Figure 5. D-optimal experimental designs: main effects on track height 
 

Table 9. D-optimal experimental designs: ANOVA for track height 

  

Effect 

p-value  
Effect 

p-value 

25 test 

points 

50 test 

points 

100 test 

points 

  25 test 

points 

50 test 

points 

100 

test 

points 

P 0.312 0.07 0.09  P·d 0.323 0.049 0 

d 0.769 0.539 0.240  P·v 0.638 0.371 0.028 

v 0.010 0 0  P·m 0.100 0.008 0.026 

m 0 0 0  d·v 0.505 0.046 0.002 

P² 0.076 0 0  d·m 0.194 0.168 0.001 

d² 0.917 0.281 0.128  v·m 0 0 0 

v² 0.078 0 0      

m² 0.986 0.370 0.002      
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Table 10. D-optimal experimental designs: Criteria for the evaluation for track height 

 25 test points 50 test points 100 test points 

normal distribution    

homoscedasticity    

autocorrelation    

 

The conditions for the evaluations of design of experiments are fulfilled for all carried 

out D-optimum test plans. 

The model accuracy parameters are equivalent to the track width and the standard 

distance S which is too large for the D-optimum test plan with 25 test points. Therefore, the 

interpolation is rated as too strong. This can be concluded with help of the forecasted 

coefficient of determination. With an amount of 71% it is clearly smaller than the limit of 

90%. Accordingly, the results of this test plan are to be questioned. The D-optimum test plans 

with 50 and 100 test points can be classified as reliable because the model accuracy 

parameters standard distance S is comparable with the one of the full factorial test plan. 

Furthermore, the coefficient of determination lies above the 90% limit. 

Table 11 shows a tabular overview of the investigated factors with regard to their 

significance. These are compared with the results of the full factorial test plan. 

 

Table 11. Comparison of the test plans according to the recognized effects for track height 

 

As significant effects for the track height the factors powder mass flow and weld 

velocity were identified in chapter 3.1.2. Both factors are directly connected with the layering 

of powder. The laser power has a small influence.  

The effect of the weld velocity is recognized with all D-optimum test plans. The 

strongest effect on the track height is caused by the powder mass flow. This can be shown 

with all D-optimal experimental designs. In all carried-out D-optimum test plans the factor 

spot diameter was not assessed as significant. 

 

4. Conclusion 

 

During the check of the model accuracy parameters and the criteria to the condition of a 

valid evaluation the D-optimum test plan with 25 test points turns out to be invalid. From a 

statistical point of view, all statements of this test plan are not meaningful. They cannot be 

considered as scientifically justified results. Not all significant effects are recognized. The 
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quantity of the test points does not seem sufficient to make a valid statement with regard to 

the effects. 

The D-optimum test plan with 50 test points fulfilled the criteria for evaluation. The 

model accuracy parameters are also good enough. The significance of the effects could be 

determined for all factors. Hence, this test plan can be recommended for further 

investigations. 

The D-optimum design experimental with 100 test points fulfils the criteria for the 

evaluation of static test plans. The values of the model accuracy parameters are good. With 

the application of this test plan all significant main effects of the full factorial test plan can be 

determined. The execution has needed twice the time to reach the same results that can be 

drawn from the D-optimal test plan with 50 test points. For this reason, this test plan is only 

partly recommendable. Table 12 shows an overview of the test plans with regard to time 

exposure and profit of information. 

 

Table 12. Overview of the test plans with regard to time exposure and profit of information 

Experimental design Amount of test 

points 

time exposure result precision 

full factorial test 

plan with restrictions 

310 21.5 hours very good 

D-optimal 

experimental design 

with 25 test points 

25 1.65 hours poor 

D-optimal 

experimental design 

with 50 test points 

50 3.3 hours very good 

D-optimal 

experimental design 

with 100 test points 

100 6.6 hours very good 

 

The realization of the full factorial test plan under the use of restrictions lasts for 21.5 

hours. This test plan is valid in the present work as reference value. The accuracy of the result 

of the D-optimum test plans with 25 test points is not ranked high enough. However, the D-

optimum test plan with 50 test points indicates a very good result accuracy, especially 

regarding the main effects. This test plan saves 18 hours and 10 minutes compared to the full 

factorial test plan, which accounts for approximately 84.5 %. 

In summary, the quantity of the test points for D-optimum design experimental has a 

high meaning. According to the literature, 21 test points are necessary in the researched case. 

It could be shown that 25 are not sufficient to identify all significant effects. That is why it is 

recommended to choose the count of the test points in relation to the full factorial test plan. In 

this case, the D-optimum test plan with 50 test points provides the best results with regard to 

time exposure and profit of information.  

 

5. Summary and Outlook 

 

This paper deals with the application of design of experiments using restrictions for 

laser metal deposition. The aim was to evaluate the applicability of D-optimum test plans 

under use of restrictions by a bigger test space and thus, to increase process knowledge. 

Titanium alloy Ti6Al4Vwas used as filler material and substrate. The target size was the 

geometry of the weld beading, which was assessed by track width and track height. As factors 
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laser power, spot diameter, weld velocity and powder mass flow were selected. The factors 

were varied on five factor steps. To guarantee a regular coating, a subset of the test space was 

build. Therefore, restrictions were set for energy per unit length, surface energy as well as the 

molten mass required for cladding.  

A full factorial test plan as well as three D-optimum test plans (25, 50 and 100 test 

points) were carried out under the use of restrictions. The analysis of the full factorial plan 

provided a basis for comparison with the D-optimum test plans.  

Laser power and weld velocity influenced the track width the strongest. Both 

parameters directly affected the melt pool geometry which was responsible for broadening the 

track. The spot diameter also caused a small influence on the track width. For the track height, 

above all the factors the weld velocity and powder mass flow were significant. 

In comparison the D-optimum test plan with 25 test points showed the biggest 

divergences. The examination of the evaluation conditions show the results of this test plan 

cannot be classified reliable. The D-optimum test plans with 50 and 100 test points achieved 

good results. Besides, it saves over 80 % of time compared to the full factorial test plan. 

Above all the application of D-optimum test plans can be recommended for big test spaces 

(more than three factors). In this context, the flexible design of these test plans offers an 

essential advantage, for example the uncomplicated use of restrictions. Here, the choice of the 

quantity of test points has to be calculated in a suitable relation to the full factorial test plan. 

To enhance the comprehensibility of the process, it is recommended to consider additional 

target sizes for future researches. With laser metal deposition, for example, metal structures 

can be additionally generated. Thus, investigations of complicated geometrical forms are 

useful. In this case, the application of restrictions in D-optimum test plans are meaningful. An 

adaptation of the restrictions or the development of new restrictions could be valuable as well.  
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Abstract – The process of laser metal deposition can be applied in many ways. Mostly, it is 

relevant to coating, for repair welding and for additive manufacturing. To increase the 

effectiveness and the productiveness, a good process understanding is necessary. Statistical test 

planning is effectual and often used for this purpose. For financial and temporal reasons, a 

restriction of the test space is reasonable. In this case, it is recommended to use a D-optimal 

experimental design which is practically applied to extend existing test plans or if process limits 

are known. This paper investigates the applicability of a D-optimum experimental design for the 

laser metal deposition. The results are compared to the current results of a full factorial test plan. 

Known restrictions are used for the limitation of the test space. Ti6Al4 is utilized as substrate 

material and powder. Comparable results of the D-optimal experimental design and of the full 

factorial test plan can be demonstrated. However, 80 % of time can be saved by the experimental 

procedure. For this reason, the application of D-optimal experimental design for laser metal 

deposition is recommend.  

 

Keywords: Design of experiments, laser cladding, laser metal deposition, cladding parameter, 

additive manufacturing, repair welding. 

 


