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[Mpouecc nazepHoii HamIaBkKU MeTamindeckoro nopoiuka Laser Metal Deposition (LMD) naxonur
Bce Oosiee MIMPOKOE NMPUMEHEHHE B DHEPIeTUUECKOM MAIIMHOCTPOCHWH. B kauecTBe Hambolsee
aKTyalbHBIX TNPHJIOKCHUH JaHHOH TEXHOJIOTMH MOXKHO BBIJCIUTh HAHECEHHE MOKPHITHH ¢
3aJaHHBIMM CBOWCTBaMH Ha MCXOJHYIO JA€Talb, a TAaKXXE€ BOCCTAHOBJCHHEC H3HOIICHHOW WIH
MIOBPEXICHHOW T€OMETPUH M3AEIHH MalIMHOCTPOUTEIHHOTO IPON3BOJCTBA, HAIIPUMEDP JOMATOK
TypOuH. [l qoctmxeHus HanOonbel 3¢)(heKTUBHOCTH M PON3BOJUTENHLHOCTH nponecca LMD
HEOOXOAMMO NpHBIICUCHHE HauOoJjee MONHOW HMH(GOPMALMHM O CTENCHHW BIMSHHUS OCHOBHBIX
IapaMeTpoB Ipolecca, TAKUX KaK MOIIHOCTB JIa3€PHOT0 M3ITyYEeHHsI, CKOPOCTb IpoIiecca  pacxon
MOPOIIKA Ha KOHEYHBIN pe3yIbTaT HaIlJIaBKH, @ IMEHHO Ha IIMPHHY U BBICOTY BAJIMKOB HAIlIaBKH.
ITomoOHBIE 3aa4YMl ONTHMHU3ALUU MOTYT 3()()EKTUBHO pemaThcs C HCIONb30BAaHHEM METOJOB
CTaTUCTHYECKOTO IUIAHMPOBAHUS D3KCIIEPHMEHTa, KOTOphle B 3aBHCHUMOCTH OT BBIOpaHHOU
CTpaTeruyl ONTHUMM3ALIUU MOTYT OBITh JOBOJBHO TPyAOeMKHUMH. [10 cooOpakeHHSIM 3KOHOMHUH
BPEMEHHU Ha NPOBEACHUE HCCIICAOBAHMS aKTYaJbHBIM SIBISETCS OTPaHHYEHHE YHCIAa OTAEIHHBIX
TOUeK JSKclepuMeHTa. Bpenenune D-onTumanpHOrO INijaHa IMO3BOJSET HM3BIEYh MaKCHMAaJIbHOE
KOJIMYeCTBO MH(OPMAIIMH O 3aBUCHMON ITEPEMEHHOM B SKCIEPHUMEHTAIBHON 00JIaCTH, HCHIONB3YS
MEHbIIIee KOJIWYECTBO TOUEK OKCICPUMEHTAa M0 CPaBHEHHIO C MOJHO(AKTOPHBIM IUIAHOM.
CornacHo nwTEepaTypHBIM AaHHBIM (Subramaniam et al., 1999), apdexTHBHOCTE TOJOOHBIX
IUIAHOB JKCIICPUMEHTA IOKa3aHa IIPHM ONTHMH3AIMK CBApPOYHBIX IpoueccoB [8]. Bo3moxkHOCTH
NpUMEHEeHNsT D-onTHMalbHOTO IUIaHa SKCIEPUMEHTa I ONTHUMH3AIMK IIpoliecca Ja3epHOH
HaIJIaBKH He OblIa MCCIIeJ0BaHa /10 HACTOSIIEr0 BPEMEHH.

B Hnacrosmeit pabore mcciemyercs MPUMEHUMOCTh D-ONTHMAaNpHOTO IUIaHa SKCIEPUMEHTa IS
npouecca LMD.

TuranoBeii crmaB Ti6Al4 wucmonb30BaH B KadecTBe MaTepuana cydcTpara W IMOPOIIKA IS
HaIUIaBK{ B XOZI€ MPOBEIEHHS HKCIEPHUMEHTOB. Pe3ynpraTel D-onTHManbsHOro IU1aHa CpaBHEHHI C
pe3ynbTrataMu  MOJHO(PAKTOPHOTO IUTaHAa HUChbITaHud. [IpomemoHcTpupoBaHo, u9to D-
ONTUMAJIFHBIN TJIaH U TOJTHO(aKTOPHBIA SKCIEPUMEHT 00€CTIEYNBAIOT COMTOCTAaBUMBIE PE3YIbTATHL.
OpnHako, mponexypa SKCIEPUMEHTa BBINOJHEHHas B COOTBETCTBHMM € D-ONTHMAalbHBEI IJIaHOM
SKCIEPUMEHTA PealIn3yeTcs C SKOHOMUEH BpeMeHu nopsiaka 80%.

Knouesvie cnosa: ANJAATUBHBIC TECXHOJIOTUH, MJIAHUPOBAHUC DKCIICPUMECHTA, JIa3€pHAad HAIlJIaBKa,
napaMeTphbl HAIlJIaBKH, BOCCTAHOBJICHUEC HOBCpXHOCTCfI, PEMOHTHAs CBapkKa.

Iocrynuna B pegakuro: 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 fiir Schweilen und verwandte
Verfahren e.V., 2011) [3].

NOMENCLATURE
P laser power Watt
d laser spot diameter mm
v welding velocity mm / min
m 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 test plan
parameters

(Sun & Hao, | Y. Sun, M. Hao Ti6Al4V | P;v;m central  compound
2012) [9] design
(Graf, B. Graf, S. Ammer, A. | nickel P;d;v;m central  compound
Ammer, Gumenyuk, M. alloy design
Gumenyuk, Rethmeier
& Rethmeier,
2013) [4]
(Narva, V. K. Narva, A. V.| Ti-carbid- | P;v; m full factorial test
Marants, & | Marants und Z. A. | powder plan
Sentyurina, Sentyurina
2014) [6]
(Paul et al., | C. P. Paul, P. Ganesh, | Inconel P;v;m Taguchi design
2007) [7] S. K. Mishra, P.|625

Bhargava, J. Negi und

A. K. Nath

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, Schoneberger,
& Korkel, 2007) [1]:

@ (C) = %det(C)% (-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 -
®(C) = %det(KTCK)H (1-2)
K: projection matrix
K": 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 (K,). Thus it applies:

Test points > 1.5 x (Number of coefficients K, in the mathematical model) (1-3)

The quantity of the coefficients K, 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:

(n+1)-(n+2) (1-4)
p = 2

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 amounts45um — 100um.

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 . din v in m in
PinW . )
steps mm mm/min 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

track width welding bead
2 R /
track height surface of the base
material

// s y-s prad

Figure 1. Target sizes

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 laser power P > 18 W
length weld velocity mm
laser power P \W%
Surface Energy , > 500 —
spot diameter d mm
L laser power P J
Mass is being melted — > 418.4 -
powder mass flow m g

The results of the particular D-optimum test plans are compared to a 5* 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.
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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.

5.0 5

Test plan:
= Full factorial
c t experimental design
e 40 with restrictions
o il Material:
E Ti-6A-4V powder on Titanium
5] 3.5 1
o
© 3.0 - — Power
o — Spot diameter
i 25 4 —— Weld velocity
% —— Powder mass flow
20
1 2 3 4 5
Factor steps

Figure 2. Full factorial test plan: main effects on track width

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

Effect  p-value Effect p-value Effect p-value
P 0.004 P2 0.131 P-d 0.010
d 0.969 d? 0.656 P-v 0.127
v 0 v2 0 P-m 0.961
m 0.003 m? 0.08 d-v 0.150
d-m 0.127
v-m 0

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.
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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 O is aimed at. With an
amount of 0.33 mm the calculated standard distance is to be assessed sufficiently small. The
coefficient of determination R? 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.

30 A Test plan:
Full factorial

25 4 experimental design
with restrictions

20 1 Material:

Ti-6Al-4V powder on Titanium
1.5 4

Average of track height in mm

10 - —— Power
) — Spot diameter
05 N — Weld velocity
/ —— Powder mass flow
0 T T T 1 T 1
1 2 3 4 5
Factor steps

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

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

P 0.531 Pz 0.014 P-d 0.008
d 0.762 d2 0.059 P-v 0.775
\ 0 \& 0 P-m 0.069
m 0 m?2 0.008 d-v 0.002
d-m 0.221
V-m 0

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 R?2
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.
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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 R? 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.
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Table 6. D-optimal experimental designs: ANOVA for track width

55

p-value p-value
Effect
25test  SOtest 100 test 25 test 50 test 100
points  points points points  points test
Effect 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
A% 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
dz 0.659 0.445 0.066 v-m 0.265 0.149 0.002
v2 0.03 0.001 0
m?2 0.973 0.701 0.937

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

25 test points 50 test points 100 test points
normal distribution v v
homoscedasticity v v
autocorrelation v 4

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

P d v m
linear square | linear square | linear square | linear square

25 test | regression | v v v

= E points | ANOVA v v

= g 550 test | regression | 2 P 2

g% g| points | ANOVA v v

] Q.‘FO N

A 100 | regression v v
test
points ANOVA v v v v v v

full factorial | regression | v v

test plan ANOVA v v v v v v v

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
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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.

2,5 2,5
g 2 £ 2
£ £
= 1=
pe 15 = 15
20 = o =]
2 % P —— LT
o o
Q - o
4] o 4]
Sos 7y 7 Eos
0 0
500 1000 1500 2000 0,6 1 1,4 1,8 2,2
laser power in W spot diameter in mm
2,5 25
.\
‘\
£’ -‘\ £ ?
£ My, £
g =135 -
£ N - N
I i v 1
ﬁ e SERIE 3 /ﬁ"
[v] o ’d“'
505 505 =
"P
0 0
200 600 1000 1400 1800 0,35 1,35 2,35 3,35
weld velocity in mm/min powder mass flow in g/min
—— Power —— 25 test points Test plan:
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Figure 5. D-optimal experimental designs: main effects on track height

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

p-value p-value
Effect
25test  S0test 100 test 25 test 50 test 100
points  points points points  points test
Effect 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
p? 0.076 0 0 d-m 0.194  0.168 0.001
d? 0.917 0.281 0.128 v-m 0 0 0
v2 0.078 0 0

m? 0.986 0.370 0.002
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Table 10. D-optimal experimental designs: Criteria for the evaluation for track height
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25 test points

50 test points

100 test points

normal distribution

v

v

v

homoscedasticity

v

v

v

autocorrelation

v

v

v

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

p d \ m
linear square | linear square | linear square | linear square
én 25 test | regression v v
~ é points | ANOVA 2
g S| 50 test regression v v v v v
E g points | ANOVA 2 v v v v
é IOQ test | regression v v v v v
5| pomts | ANOVA v v v v v
full factorial | regression v v v v v v
test plan ANOVA 2 2 2 P P

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 | time exposure result precision
points

full factorial test | 310 21.5 hours very good

plan with restrictions

D-optimal 25 1.65 hours poor

experimental design
with 25 test points
D-optimal 50 3.3 hours very good
experimental design
with 50 test points
D-optimal 100 6.6 hours very good
experimental design
with 100 test points

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.

REFERENCES

[1] Arellano-Garcia, H., Schoneberger, J., & Korkel, S. (2007). Optimale Versuchsplanung in
der Chemischen Verfahrenstechnik. Chemie-Ingenieur-Technik, 79(10), 1625-1638.
https://doi.org/10.1002/cite.200700110 (in German)

[2] Capello, E., Colombo, D., & Previtali, B. (2005). Repairing of sintered tools using laser
cladding by wire. Journal of Materials Processing Technology, 164-165, 990-1000.
https://doi.org/10.1016/j.jmatprotec.2005.02.075 (in English)

[3] DVS - Deutscher Verband fiir Schweilen und verwandte Verfahren e.V. (2011).
Laserstrahl-Auftragschweiflen Merkblatt DVS 3215, (02 11). (in German)

[4] Graf, B., Ammer, S., Gumenyuk, A., & Rethmeier, M. (2013). Design of Experiments for
Laser Metal Deposition in Maintenance, Repair and Overhaul Applications. Procedia
CIRP, 11, 245-248. https://doi.org/10.1016/j.procir.2013.07.031(in English)

[5] Leunda, J., Soriano, C., Sanz, C., & Navas, V. G. (2011). Laser Cladding of Vanadium-
Carbide Tool Steels for Die Repair. Physics Procedia, 12, 345-352.
https://doi.org/10.1016/j.phpro.2011.03.044 (in English)

[6] Narva, V. K., Marants, a. V., & Sentyurina, Z. a. (2014). Investigation into laser cladding
of steel-titanium carbide powder mixtures on a steel substrate. Russian Journal of Non-
Ferrous Metals, 55(3), 282—-288. https://doi.org/10.3103/S1067821214030109 (in English)

[7] Paul, C. P., Ganesh, P., Mishra, S. K., Bhargava, P., Negi, J., & Nath, A. K. (2007).
Investigating laser rapid manufacturing for Inconel-625 components. Optics and Laser
Technology, 39(4), 800—805. https://doi.org/10.1016/j.optlastec.2006.01.008 (in English)

[8] Subramaniam, B. Y. S., Subramaniam, B. Y. S., Lyons, J. W., Lyons, J. W., White, D. R,
White, D. R., ... Jones, J. E. (1999). Experimental Approach to Selection of Pulsing
Parameters in Pulsed GMAW. Welding Journal, (May), 166—172. (in English)

[9] Sun, Y., & Hao, M. (2012). Statistical analysis and optimization of process parameters in
Ti6Al4V laser cladding using Nd:YAG laser. Optics and Lasers in Engineering, 50(7),

I'JIOBAJIBHAA AJJEPHA S BE3OITACHOCTD, Ne 3(24) 2017



60 MAPKO u ap.

985-995. https://doi.org/10.1016/j.optlaseng.2012.01.018 (in English)

Application of D-optimum Experimental Designs in Consideration of Restrictions for
Laser Metal Deposition

Angelina Marko*l, Benjamin Graf*z, Sergej Gook*3, Michael Rethmeier *

* Fraunhofer Institute for Production Systems and Design Technology, PascalstraBe 8-9, 10587 Berlin,
Germany
" ORCID: 0000-0002-6456-4070
WoS ResearcherID: 0-8906-2017
e-mail: angelina.marko @ipk.fraunhofer.de ;

2 ORCID: 0000-0002-7345-9352

WoS ResearcherID: O-7530-2017;

7 ORCID: 0000-0002-4350-3850
WoS ResearcherID: F-8636-2017

e-mail: sergej.gook@ipk.fraunhofer.de

** Federal Institute for Materials Research and Testing, Unter den Eichen 87, 12205 Berlin, Germany
* ORCID: 0000-0001-8123-6696
WoS ResearcherID: B-9847-2009

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.
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