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Direct laser forming has the advantage that the heat input is very much localized and it leads to

large temperature gradient. Therefore, the solidification velocity can be controlled to stabilize the

columnar crystal growth and to avoid the growth of equiaxed grains in the laser clad.

Consequently, single crystal can be deposited onto a single crystal substrate. In this paper, DZ125L

Ni based super-alloy was used for the experiment, the epitaxial growth of columnar crystal onto the

substrate was characterized, and the epitaxial growth of columnar crystal in multi-track multi-layer

deposition was obtained by analyzing the single cladding track characteristics and optimizing the

technological parameters. The investigation is helpful for the approach to form 3D metal parts such

as turbine blades, which require columnar crystal microstructure. VC 2013 Laser Institute of
America.

I. INTRODUCTION

Based on rapid prototyping and laser cladding technique,

direct laser forming (DLF) is a novel layer additive manufac-

turing technology.1–3 DLF supports many types of metal

including stainless steel, Ni based super-alloys, cobalt-

chrome, and Ti-6Al-4V titanium alloy.4 By using DLF,

dense metal parts can be fabricated directly from computer

aided design (CAD) files line by line and layer by layer with-

out using any tooling. The outstanding characteristics of

DLF are high energy density, good controllability, compact

cladding microstructure, few microscopic flaw, and high

bonding strength. Additionally, there are many advantages in

the technological process such as easy to realize automation,

little pollution to the environment, no radiation, and low

noise.5,6

In recent years, DLF has been a hot topic in the

advanced manufacturing fields to repair expensive parts or to

form high performance metal parts such as turbine blades,

which are usually made by super-alloys and require direc-

tional columnar crystal microstructure. Actually, turbine

blade can be formed by selective laser melting—SLM,7 by

direct metal deposition—DMD,8 or by DLF.9,10 However,

the mechanical performance of the parts fabricated by the

above mentioned methods has not been reported sufficiently.

Recently, some researches into repairing, coating,11–13 and

fabricating14 of directional columnar crystal Ni based super-

alloy by DLF have been published, whereas all of them

showed poor results. At present, forming columnar crystal

3D metal part by DLF still remains a great challenge.

DZ125L, designed in China for application in advanced

gas turbine engines, is a high performance Ni based super-

alloy. By far, there have been some investigations on DLF of

DZ125L,15,16 but no report on fabrication of DZ125L colum-

nar crystal 3D samples. Using DZ125L for the experiment,

and this paper systematically investigated the influence of

the main technological parameters such as laser power, scan-

ning speed, powder feeding rate on the characteristics of sin-

gle cladding track, and the elementary unit in DLF. By

analyzing the results and optimizing the technological pa-

rameters, the epitaxial growth of columnar crystal onto the

substrate in the form of multi-track multi-layer was obtained.

The result showed that DZ125L super-alloy 3D solid sam-

ples with columnar crystal microstructure can be fabricated

by DLF.

II. EXPERIMENTAL PROCEDURE

A. Materials and equipments

The experiments were carried out by the system as

shown in Fig. 1. The DLF process was performed by inde-

pendently developed XJTU-I machines, which include a
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neodymium doped yttrium aluminium garnet (Nd:YAG)

laser with a 1 kW maximum output power (wavelength

1063 nm, spot diameter of 0.5 mm, the laser beam is guided

to the workstation through an optical fiber and focused by a

lens system), a three-axis computerized numerical control

(CNC) linkage worktable, a powder feeder with a coaxial

feeding nozzle, and a gas protection device. The processing

chamber of the system was protected from oxidation by ar-

gon gas.

The powder was DZ125L Ni based super-alloy with

spherical shape and smooth surface. Additionally, the

DZ125L particle size distributes from 30 to 60 lm, and the

mean particle size is about 45 lm. The same material was

used for the substrate, which was machined from single crys-

talline cast ingots with the h001i orientation normal to the

surface, and its dimensions were 50 mm of the diameter and

3.5 mm of the thickness. Material compositions of the sub-

strate and the powder are shown in Table I. The tensile prop-

erties of DZ125L are shown in Fig. 2.17

B. Processing

The powder was dried in a vacuum oven at 200 �C for

2 h to remove the moisture and to improve the flowability.

The substrate was polished and then cleaned by acetone

before being installed on the forming worktable and lev-

eled. Single cladding tracks (20 mm in length) were pre-

pared with different laser powers P, scanning speeds V,

and powder feeding rates MP (as shown in Table II). Three

separate tracks were prepared with each parameter set of

(MP, P, V). Twenty sets of (MP, P, V) were used, sixty

separate tracks were prepared. The values of each parame-

ter in the set of (MP, P, V) were selected according to the

preliminary basic research. Multi-track one layer and

multi-track multi-layer samples were clad based on the

analysis of the single cladding track characteristics. Neither

preheat nor postdeposition heat treatment of the deposited

samples was applied. The samples were cut for characteri-

zation with wire electric discharge machining (EDM). All

samples were mounted and prepared in accordance with

standard metallographic procedures. The topography char-

acteristics and the microstructure characteristics of each

sample were analyzed using VH3000 optical microscope

(made in Japan by the KEYENCE).

The cross section of each single track was characterized,

after that the symbolic cross section of each technology pa-

rameter set was obtained. By analyzing the results, techno-

logical parameters that can make the epitaxial growth of

columnar crystal in multi-track multi-layer deposition were

optimized.

III. RESULTS AND DISCUSSION

A. The epitaxial growth of columnar crystal onto the
substrate

After polishing and etching the samples, directional den-

drite structure in the substrate was released. The refined den-

drite structure in the deposit zone showed an epitaxial

growth parallel with the substrate dendrite direction. The

epitaxial growth also verified the nature of bonding at the

interface to be metallurgical. Compared with the dendrite

size of the substrate metal, the primary dendrite size in the

deposit zone is approximately 50–70 times smaller.

FIG. 1. Schematic diagram of experiment setup.

TABLE I. Material compositions of the substrate and the powder (wt. %).

Material C Cr Co Mo W Al Ti Ta B Ni

Substrate 0.07 9.09 10.00 2.09 7.17 4.48 3.05 3.64 0.011 Balance

Powder 0.09 9.70 9.64 2.18 7.14 4.90 3.12 3.78 0.015 Balance

FIG. 2. The tensile properties of DZ125L.

TABLE II. Technology parameters for single cladding tracks.

Powder feed rate MP (g min�1) 4.9

Laser power P (W) 190, 210, 230, 250, 270

Scanning velocity V (mm s�1) 6, 8, 10, 12

Shielding gas rate (l min�1) 4

Protecting gas rate (l min�1) 6

Track number of each set of (MP, P, V) 3
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The experiment results showed the cross section of sin-

gle cladding track with arc boundary shape. The typical

sketch of the cross section of the cladding track is shown in

Fig. 3(a). The cladding track cross section morphology is

described with the cladding track width W (lm), the cladding

track height H (lm), the remelted depth of the substrate h
(lm), and the height (from the substrate surface) of columnar

crystal zone hds (lm), respectively [as shown in Fig. 3(b)]. It

can be seen that both H and h reached their maximum at the

center of the laser beam, and they decreased from the center

to the side. It is consistent with the distribution laws of the

laser beam energy and the powder stream. The cross section

includes columnar crystal zone, which grows continuously

from the substrate, and multidirectional crystal zone

[Fig. 3(b)]. Not like H and h, the height of columnar crystal

zone hds was not changed linearly from the center to the side,

FIG. 3. Typical sketch of the cross section of single cladding track. (a) The typical sketch of the cross section of the cladding track; (b) the cladding track cross

section morphology.

FIG. 4. Influence of the technological parameters on the single cladding track characteristics. (a) The cladding track width W, (b) the cladding track height H,

(c) the remelted depth of the substrate h, and (d) the height of columnar crystal zone hds.
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but it usually reached its peak at the central position. The

side part of the cross section usually belongs to the multidir-

ectional crystal zone. It can be explained that at the side part,

the laser energy density is low, the remelted depth is very

small, the heat is transferred quite quickly from the molten

pool into the substrate by conduction, and the transferring

direction is changed from normal to parallel with the sub-

strate surface.

The morphology parameters of single tracks were meas-

ured after the experiment. From each set of (MP, P, V),

which was used for three separate tracks, three value sets of

(W, H, h, and hds) were obtained. These values were then

used in calculation to find out each mean value of W, H, h,

and hds, which finally expressed by the diagrams in Figs. 4

and 5. It can be seen in Fig. 4 that with different technolog-

ical parameters, single cladding track cross sections with

different characteristics were released. The result showed

that the increase in laser power P led to the increase in the

cladding track width W and the remelted depth h [Figs. 4(a)

and 4(c)]; the increase in laser power P led to the decrease

in the height of columnar crystal zone hds [Fig. 4(d)]. The

cladding track height H was relatively stable when the scan-

ning speed is 8 or 10 mm s�1, small when the scanning

speed is 12 mm s�1 and big at the scanning speed of 6 mm

s�1 [Fig. 4(b)]. The height of columnar crystal zone hds is

the most important parameter, and it must be relatively

greater than zero to make the subsequent layer with an epi-

taxial growth parallel to the previous one. Figure 4(d) also

indicated that laser power P should not be higher than

250 W.

Moreover, the dendrite layer (multidirectional crystal

zone) and an interdendrite shrinkage should be thoroughly

remelted to guarantee the densification and the epitaxial

growth between the depositing layer and the previous one. It

can be seen in Fig. 3(b) that the difference (H�hds) must be

smaller than h, which means that the difference (H�hds�h)

must be negative. The calculation result, which is shown in

Fig. 5, indicated that the suitable condition is obtained when

the scanning speed is 10 or 12 mm s�1 and laser power is

less than 270 W. Low scanning speed of 6 or 8 mm s�1 (with

laser power less than 230 W) is not suitable, and 8 mm s�1

scanning speed is suitable only when laser power is in range

of 230–255 W.

B. The epitaxial growth of columnar crystal in
multi-track cladding

Figure 6 shows the model of the remelted zone of the

previous track and the substrate when the subsequent track

clad according to the two tracks distance DX (the zone within

the bold curves). Multi-track experimental results with dif-

ferent values of DX are shown in Fig. 7. It can be seen that

with a big DX [Fig. 6(a)], the previous track was remelted

only in the multidirectional crystal zone; therefore, the co-

lumnar crystal zone of the subsequent track could not grow

continuously from the previous one [Fig. 7(a)]. The decrease

in DX led to the increase of the remelted zone of the previous

track. As DX reached up to a certain value, the remelted zone

included both columnar crystal zone and multidirectional

crystal zone of the previous track, and the epitaxial growth

of columnar crystal from both the previous track and the sub-

strate occurred (Figs. 6(b), 7(b), and 7(c)]. Moreover, the co-

lumnar crystal zone between the previous and the subsequent

tracks also developed in height with the decrease in DX
[Fig. 7(c) compare with Fig. 7(b)].

FIG. 5. The difference value of H-hds-h.

FIG. 6. Remelted zone according to the two tracks distance DX. (a) When DX is big; (b) when DX is suitable.
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C. DZ125L super-alloy 3D sample forming

From above analysis, we can see that by determining

single cladding track characteristics, which were obtained by

optimizing technological parameters through experiments,

the epitaxial growth of columnar crystal can be obtained

layer by layer onto the substrate. The results indicate that

suitable laser power is in range of 210–250 W, scanning

speed is 10 mm s�1, and powder feeding rate is 4.9 g min�1.

Moreover, the epitaxial growth of columnar crystal can also

be obtained track by track with the suitable value of DX.

Based on the result, 3D solid samples were formed. Table III

shows the used technological parameters.

The results showed that a strong metallurgical bonding

has been achieved between the formed samples and the sub-

strate. For the sample No. 1, the result showed the epitaxial

growth of columnar crystal track after track in each layer (as

shown in Fig. 8). However, Fig. 8 also shows some small

zones (among layers, inside the black curves) are multidirec-

tional crystal. It can be explained that due to the oscillation

of the experimental system, the multidirectional crystal zone

of cladding tracks of the previous layer was sometime not

remelted completely by the subsequent layer deposition.

Therefore, the columnar crystal of subsequent layer could

not grow continuously from the previous one. The subse-

quent layer still showed columnar crystal structure above

multidirectional crystal zones. It may be because of the high

temperature gradient when the first layers were fabricated.

It is necessary to remove all the multidirectional crystal

zones among layers to make the columnar crystal growing

continuously. The microstructure of sample No. 2 is shown

in Fig. 9 (perpendicular to the scanning direction (a) and par-

allel with the scanning direction (b) cross sections). With

FIG. 7. Multi-track experimental results with different values of DX (mm). (a) DX¼ 0.40, (b) DX¼ 0.34, and (c) DX¼ 0.30, and the other technological param-

eters were P¼ 230 W, MP¼ 4.9 g min�1, V¼ 10 mm s�1.

TABLE III. The technological parameters for 3D solid samples.

Technological parameters Sample No. 1 Sample No. 2

Laser power P (W) 230 230

Scanning speed V (mm s�1) 10 10

Powder feeding rate MP (g min�1) 4.9 4.2

Number of track 7 7

Number of layer 10 10

Standoff distance Dh (mm) 0.1 0.08

Two tracks distance DX (mm) 0.3 0.3

Shielding gas rate (l min�1) 4 4

Protect gas rate (l min�1) 6 6

FIG. 8. Microstructure of sample No. 1.

FIG. 9. Microstructure of sample No. 2.
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suitable technological parameters (decrease in powder feed-

ing rate and decrease in the standoff distance Dh), we can

see that the epitaxial growth of columnar crystal onto the

substrate in the form of line by line and layer by layer was

obtained.

IV. CONCLUSIONS

By analyzing the crystallized characteristic of single

cladding track and optimizing technological parameters, we

can see that directional columnar crystal can grow continu-

ously onto a columnar crystal substrate in the form of line by

line and layer by layer in DLF. The result showed that 3D

sample with directional columnar crystal is obtained when

the multidirectional crystal zone of the previous track or

layer is sufficiently remelted by the deposition of the subse-

quent one.
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