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ABSTRACT

To discuss the effect of Jaser power on the molten pool temperature and layer thickmess at
the curvature radius of thin-wall parts, the numerical simulation and experimental was studied.
The numerical resulis showed that the molten pool temperature of the thin-wall increases with
the Jayer number, and the molten pool temperature of thin-wall cylinders were increased when
curvature radis decreased The rules of laser power changing with the layer number and
curvature in the processing of the thin-wall blade can be obtained when keeping molten pool
lemperature stable. According to the numerical results, the thin-wall blades were fabrcated by
expenuments. The expenmental results showed that the excessive build-up occumed and
unevenness thickness layer at small radius corner with constant laser power because of the
increase of energy density at comners, while varied lager POwer is more uniform than the constant
laser power, which 1s 10 agreement with the numerical simulation,

Kevwords laser direct metal formmg, temperature field, curvature, thun-wall part.

1. INTRODUCTION

Laser direct metal formmg (LDMF) 15 a novel layer additive manufacturing technology.
Thcfr: are some other sumilar technologies using the same principle as LDMF such as Laser
Engineered Net Shaping (LENS), Direct Metal Deposition {DMD) etc, which base on rapid
prototyping and laser cladding techrique. It has been a hot topic in the advanced manufacturing
fields, 12 which, dense metal parts can be fabricated directly from CAD files line by line and
layer by layer without comstraints on part shape and powder material and without using any
tooling The LDMF supports many types of metals including stainless steels (316 and 304); Ni

-




Effect of laser power on the mokten 00! temperature and layer thickness at the curvature ..

based super-alloys (Inconel 625, 690, and 718, FGH935, DZ408, DZ125L); cobait-chrome, and
Ti-6A1-4V titaninm alloy [1 - 5].

Control of the molten pool size, which is dependent on the molter pool remperamrg, is a
critical issue since it impacts the quality of the product. Therefore, a thorough understanding of
the molten pool temperature distribution 15 imperative. Much research werk has been carried out
n this field. Pinkerton and Li developed a simple thermal model to analyze the temperature
distribution and estimate the molten pool size [6]. Liu and Li established a model to nvestigate
the effects of process parameters on the layer thickness. powder utilization rate, and forming
speed of thin-wall parts [7] Labudovic et al studied the effects of laser-processing parameters
(laser power and scanning speed) on the malten pool size [8]. Wang et al. developed a three-
dimensional finite element model to optimize molten pool size for each layer [9, 10].

In this paper, the effect of femperaure field distribution on the curvature change and
unevenness thickness layer of thin-wall turbine blade part with different curvature as shown in
Fig.l was studied by simulation and experimental.

Ni-based super-alioys, eg., Inconel 625, 718 and Renedt. 88DT, DZ125L due to an
uproved balance of creep, damage tolerance, tensile properties. and corrosion oxidation
resistance, are normally developed for high-performance compenents in jet engines and gas
wrhmes. The super-alloy DZ125L was to be used for this researched,

Figure I Thin-wall turbine blade mode. (a) three-dimenszon maodel. (b) cross section of dimeasion.

2. THE NUMERICAL SIMULATION TEMPERATURE FIELD

The effect of the temperature field distribution on the curvatre change and number layer
was simulation by thin-wall cylinders with different curvamures, The thin-wall eylinders with
difterent curvatures can be replaced by different radiuses.
2.1. Analysis model of thin-wall cylinders design
2.1.1. Geometric model

A three-dimensicnal finite element model of cylinders was built to smmulate the LDMF
process using ANSYS software, The geomerry and finite element mesh used in the model arc

shown in Fig. 2. The thin-wall cylinder dlmel?blol‘lﬁ is radius 10 mrm, height 1 5 mm, thickness
0.5 mm, substrate dimensions is 40x30xS mm’
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Figure 2. The tin-wall cyhnder model: (2) geometric modef; (b) element model.

212 Element burth and death techmgue

“Element birth and death” techrique 1s usually used to simulate welding and cutting. It does
not actually remove “killed” elements from model. Instead, it deactivates them by multiplymg
their suffness or conductmity by a severe reduction factor. This factor is set to 1.0x10°® by
default, and 1t can be set to other values. Element loads associated with deactivated elements are
2ero out of the load vector, but they still appear in element-load lists. The mass, damping and
specific heat of deactiared elements was all set to zero likewise.

Similarly. when elements are “born™, they ate not actually added to the model but sumply
reactivated So, we musi create all elements 1n preprocessor, 1ncluding those to be bom in later
stages of the analysis When an element 1s reactivated, its stiffness, mass and element loads, etc,
return to their full ongnal values, but there is no record of strain history for it.

213 Maserial properties

The thermal physical behaviors of mickel based supper-alloy DZ125L as shown in Table |
thA

21 d The heat transfer model

The heat flux to system 15 put 1n by a highly focused area on the molten pool and 1t is
ussumed that the heat flu, gr), follows Gauss distribution in the radial direction, and has the

followang form [12]:
30 3¢’
9(r)=—5 CXP['?] o

where' R 15 the laser spot radius (mm); 15 the total input laser energy (W).
31 Boundary condiions

To resolve heal transfer equations, the initial and boundaey conditions are necded 11 the
computational domain The three boundary conditions can be concluded as follows:

r=r" ]
ar oT ar
l('{an'+[(\5;nJ +K’E”‘ =q B}
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K,%—:JIX+K)%'1‘ +K::—jn: =T, ~T) )

where: K 1s the thermal conductivity (W/m.°C); h is the convective heat transfer coefficient
(W/mz,"C); T, is the ambient temperature around the part, which is considered to be equal to
room temperature (°C)

Besides all the heat conduction equanons boundary conditions, the initial temperature must
be set, which is considered as initial condition.

Tix,y.2)|_, =T, ®

The latent heat of fusion is simulated by a manual input in the specific heat accprdmg 0
Labudevic [13]. The relanonship among enthalpy (H), density (p), and speaific heat (c) is

T
AH(T) = { pe(ryar )
0
where: H is the enthalpy (J/kg).

Table! Thermal physical behaviors of nickel based supper-alloy DZ125L,

Coeflicient
Thermal Thermal
( Temperature thermal of DenSI{y condzcnlr:?\ry capacity Poisar’s
°cy expansion {kg/m’) N rate
Wom °C)
(17°C) :
20 1 48x10”
200 152107
| 400 1565107
600 1 fax10*
800 1.69%10"
1000 175x 10

1 80x10°°

2.2, Simulation results

The numerical results showed that the molten poo! termperature of the thin-wall increases
with the layer number when keeping laser power, as shown n Fig. 3(a) In order 1o achieve a
steady temperature distnbution surrounding the molren pool. the laser power must be adjusted
for cach layer. Provided that the laser power of the first deposition layer 15 denoted by P, the
declined percentages of laser power are denated by @ with the lucreasing layer number when the
emperature of each layer 15 consistent with the temperature of the first layer Then the faser
sower of any layer can be calculated by Pra (08 < o < 1} under keeping the molten peol
emperature of cach layer stable. as shown 1n Fig 3(b) It1s observed tha the laser powner
lecreases with the layer number [ 14].
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Figure 3 The relationship between molten pool and layer number.

The thin-wall cylinders with different curvatures can be handled by defining different
radiuses To investigate the wnfluence of different thin-wall cylinder’s radiuses on the moiten
pool temperature, the molten pool temperature distribution 15 studied with the radius of R=2,4,
6, 8, 10, and 20 mm. Fig.4 showed the typical temperature field distributions of the thin-wall
cylinders with the radius of 2 and 6 mm. The relationship hetween temperature distribution and
tadius is shown in Fig. 5.

The Fig 5 shows rhat, the molten pool temperature decreases with the radius, namely, the
molten pool temperature increases with the curvature. It is also observed that the molten pool
temperature tends to be gentle when the radius is more than 6 mm. This indicates that the
mfluence of the radius on the molten pool temperature 15 weak when the radius is more than 6
mm.

In order to keep the molten pool temperature stable for different radiuses, the trend of laser
power changing can be obtained based on the 1650 °C produced by temperature field
computation of the thin wall's first layer. And the relationship between laser power and radius
was shown in Fig, 6.

The laser power of any layer can be calculated by P = P(x) under keeping the molten pool
temperature of each layer stable. To keep the temperature distributtons of the thin-wall cylinders
with different curvatures consistent with the thin wall, the decline percentages of [aser power are
denoted by P = P(y) with the increasing curvature So, the trend of laser power changing with
layer number and curvature can be obtamed under keeping melt pool temperature stable. The

laser power of the fiest deposition layer used 1s denoted by P, The relationship between laser
power with layer numbers and curvature

— x4 Py
P = et m
where. x is the layer numbers; ¥ Is the curve radius, o, B,y are coefficient.

Using linear regression least square method, the discrete pomts in Fig 3(b) and Fig 6 ca
get equation®

Pn =R)efuolbx 0 035y-0016 ®
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)

Figure 4§ The temperature field distnbution with dafferent radius: {Q)R=2mm; (b) R =6 mm
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Figure 5 The relationship between wemperature Figure 6 The trend of laser power changing with
distribution and radius different radms

3. EXPERIMELTAL PROCEDURES

3.1. Materials and equipment

The experiments were carned out by the system as shown in Fig 7 The LDMF process
includes a Nd:YAG laser with a | kW maximum output power (wavelength 1063 nm, spot
diameter of 0.5 mm, the laser beam was guided to the workstation through an optical fiber and
focused by an optic) and a three-axis CNC Iinkage worktable and a powder feeder with 2 coaxial
feeding nozzle and a gas protection device, The processing chamber of the system was protected
from oxidation by argon gas

The powder used was nickel based super-alloy DZ125L with sphencal shape and smooth
surface  Additionally, the DZI25L particle size distributes of about 30~60 um and the mean
particle size of about 45 um The substrate was the same material,

and 1ts dimension was
150x 100x8 mm. The compositions of the powder and the substrate are s}

iown i Table 2

3.2. Processing
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Figure 7 The LDMF gystem (a) schematic diagram: of experiment, (b) the reaf workshop of
. expenment setup.

To agvee with stmulation computation. the process parameters are shown in Table 3. The
thin-wall blade samples were burlt with two diffevent condrtions: constant Jaser power and varied
laser power. The layer aumber of the two parts 15 20 According to numerical results, the varied
laser power was carmed out as follows' the laser power 1s changed with layer number, and in
each layer the laser power is also ditferent at the cormers of R =2 mm and R — 6 mm in Fig. 1
and the sarted laser power as shown n Table 4. The prctures of the two parts with 30 layers are
shown m Fig. 8 and Fig 9 After experiments the cross sections of thin-walled blade samples
were obtained by cuming, grinding, polishing and metallographical etching, and then the
thickness of each [ayer can be measured under Optical Microscope (VH-8000, made in Japan by
the KEYENCE).

Tuble 2 Material copositions of the substrate and the powder (%)
Mawnal | C | Cr | Co Mo | W ' Al | Ti ‘ Ta B N
Subsirate 067 | 909 | 1000 ‘ 209 | 7.7 448 | 305 364 | 001 Balance

Powder 1 0.09 | 970 | 9.64 218 | 714 ‘ 490 | 3. 378 | 0.015 Balance

Tahlc 4 Process parameters for fabrication of thin-wall cylinder parts,

Fowder mass Table feeding | Beani | Deposition

Laser power -iner
1 [T flow rate rate diameter Zeinerement distance
W) ) (mm)
(g muin) (mun's) (mm} l {mm)
[ 130-160 10 0s | Tow 5]

Table 4 The vancd lascr power on the (un-wall turbine blade fabnicated by LDMF

Layer numbers Coxflicient Coefficient Laser power
- L, (W)
1 230
086 198
I 207
086 . 178
- \ 200
086 172
1 | 195
— (.86 ) 168
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190
165 !
185
160

3.3. Experimental results and discussion

Figure 8 shows the sample fabricated with the constant laser power of 230 W, We can scc
that the height on the op luyer of the sample is uneven, and the corner 15 abnormally higher than
other places 1n the scanmng path. Because, at the sharp comners in the path, the energy and
powders higher thar other normal places As a result, the effects resuited in excessive build-up.
Simultaneously, the thickness of the thin-wall blade is increased from the bottom to the top as
showed that Fig. 8(b, ¢, d). This 1s due to the change of the molten pool temperature fisld
distribution during the whole depositing process As displayed in Fig. 3(a}, it can be recognized
that at (ke beginning the temperature mcreascd very raprdly with the Jayer number because the
work-piece was cold and the heat conductivity (three dimensional) was high and the thickness is
non-uniform in the first a few layers. After about 15 layers, with decreasing heat conduction
(two dimensional), the heat exchange reached a quasi-steady status. Thus. the molten pool
temperature increased slowly,

o impreve the forming quality of the sumple and contrel, the molten pool temperature. the
vaned laser power was pre-sel in CNC System according to the numcrical results Figure 9
shows the sample and its cross section, its exhibits o cxcessive build-up but a nomegeneous
thickness The thicknesses with layer number were measured at two posihons: position 1 (R =6
mm} and position 2 (R = 2 mm) under the two laser power of different conditions Fig. 8(d) and
Fig. 9(d) showed thc relatienship between layer thickness and layer number under two laser
power conditions, respectively

As can be seen from Fig §(d), the layer thickness ncreases gradually with the layer
number and decreases with the radius Fig. 9(d) shows that the thickness of the sample 18
umform compared to Fig 8(d) under the varied laser puwer condition.

By using above parameters, a thin-wall blade sample was fabneated as shown n Fig.10.
The actual building height of the thin-wall blade sample is 69 8 mm, and the designed height 1s
76 mm.
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Figure & The thin-wall blade samples fabrcated by constant laser power (41 thin-wall blade sample, (b)
position 1 of cross sections. (¢} position 2 of crass sectians, td) the relaticnstup betseen iayer thickness
ard layer number,
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Fiyure ¢ The thin-wall blade samples fabricated by varied laser power v(a) thin-wall blade sample; ¢b)
position | of cross sections. (c) position 2 of cross sections; (d) the relationship between layer thickness
and fayer number.

Figwe 10 The thin-wall blade fabricated by varied laser power.

4. CONCLUSIONS

The temperature field distnbutiop of thin-wall part by LDMF was studied by numencal
simulation. The simulation results showed that the trend of laser power changing with the layer
number and curvature in the processing of the thin-wall blade can be obtamed when keeping
molten pool temperature stable, According to the simulation result, the effect of laser power o
the layer thickness and curvature change of thin-wall part were experimentally studied, showing.
that the excessive build-up accurred with constant Jaser power because of the increase of energy
density at comers, with vaned laser power is more uniform than the constant laser power.
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TOM TAT

ANH HUONG CUA CONG SUAT LASER DEN NHIET BO VUNG NONG CHAY VA

CHIEU DAY LOP TAO HINH TAI VUNG CO BO CONG KHAC NHAU CUA CHI TIET

THANH MONG CHE TAQ BOI CONG NGHE TAO HINH BANG TIA LASER
Doan Tét Khoa
Hoc vién K thugt qudn sw. 236 Hodng Quoc ¥iér, Bde Tir Liem, Ha No

Email doankhoactm@gmail com
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Bai bio sut dung phuong phap md phong két hop v6i thuc nghiém dé nghién ctru sy anh
huong cua cong sudt ngudn laser dén nhiét dd ving néng chay va chidu day 1ép tzo hinh tai va
6 d9 cong khac nhau eda chi nét thanh mong. Két qua md phong cho thay nhiét 4§ vung nong
chay tang lén khi ;0 16p tao hinh tdng lén va ban kinh cong giam xunng, da tim ra quy Tudt thay
sudt nguon faser so Vi 80 16p tzo hinh va theo su thay d6i ban kinh cong &é £it cho
5 ving nong chay ludn bn dioh tai moi vi tri. Dua theo két qua mé phnng da thi ngbu;m
tzo hmh chi tiet cdnh tua bin thanh madng. Ket qui thi n<’hrem cho thay khl gilr cng qua( nguun
laser khong dé1 rong sudt qud trinh 30 hinh thi chi tid thanh méng xudt hién viu 161 va chidu
day thanh mong tang theo s6 lop tao hinh ta ving €6 ban kinh cong nho, d6 1a do su tip frupg
mat 49 nang luong 1om tai cac goe ¢b ban kinh cong nho; khi thay dé: cong sudt laser theo quy
Iuat tim duoc thi ché 10 duge chi tiét cdnh tua bun thanh mong o chét lwgmg bé mat 1ot va chidy
diy déng déu o moi w1 i, d1éu ndy phil hop vér két qua md phong.

Tir khéa: cong nghé tao hinh bing tia laser, truang nhiét 6, 8 cong, chi tiét thanh méng,
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