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Abstract: The laser remelting with a two-layer material system (upper material was Al-30 % Ti-20 % Ni alloy,
substrate was commercial aluminum alloy) and the laser cladding of a commercial 45 steel with copper powder
(including 25 % SiC) were carried out using a 2 kW continuous CO, laser. For the case of laser remelting, a

upper pool in the alloying layer and a lower pool in the substrate separated by the unmelted Al-Ti-Ni alloy were

observed. For laser cladding, a stratified pool was observed, whose top layer was Cu alloy liquid and bottom
was Fe alloy liquid. The mechanism of laser pool separation and stratification is illustrated by numerical calcu-
lation of heat transfer process of the two-layer system, combining with material physical properties ( especially
mixed enthalpy). A classification criterion for laser pool with the two-layer material system has been presented

and four types of the laser pool are divided into unique pool, separated pool, mixed pool and stratified pool,

which provides a theoretical basis for obtaining a excellent surface coating.
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1 INTRODUCTION

In recent years, a great deal of attention has
been focused on laser remehing and cladding
technique, which have been used extensively in
industries because of improving wear-resistance,
corrosion-resistance and thermal-barrier of the
material surfacel’”?!. In order to obtain a good
surface coating, experimental and numerical in-
vestigations on characteristics of laser pool were
carried on by many researchers. Zr(O, + Ni com-
posite coating was produced by laser cladding on
4Crl3 steel substrate and stratified structure in
clad has been observed by Pei et al'*!(ZrO, ce-
ramic and Ni element separation ). Laser
cladding experiments were done by Wang ez
al'™ on an AISI 45 steel substrate with Cu+ 5 %
Cr,0; powder, and stratification phenomenon
has been observed too (Cu rich layer, Fe rich
layer and the space between them is 50 um). A

fully mixed, alloyed surface coating was pro-
duced by laser alloying on a surface of a 50 mm X
50 mm X 10 mm alumimum sample, on which a
Ni element layer was prepared by plasma spray
technique!®!. Various types of laser pool were
observed by different researchers, but few re-
ports study on the mechanism of laser pool sepa-
ration and stratification, and there is no criterion
for classification of laser pool.

Therefore, in this paper, the mechanism of
separation and stratification of laser pool is inves-
tigated by laser cladding and laser remelting with
a two-layer material system; the classification
criterion is presented and four types of the laser
pool are divided into unique pool, separated
pool, mixed pool and stratified pool. The au-
thor’ s purpose of this paper is to provide the
theoretical bases for obtaining the excellent sur-
face coating and to build the foundation for nu-
merical research of the process of metallurgical
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kinetics of laser pool.
2 EXPERIMENTAL PROCEDURE

The substrate used in laser remelting exper-
iment was a 15 mm thick plate of commercial a-
luminium alloy. The plate was cut into a rectan-
gle sample with a gauge of 80mm X 60 mm. The
sample was grit-blasted on one surface and f{ol-
lowed by cleaning with acetone in an ultrasonic
cleaner. A 100 pm thick 50% Al-30% Ti-20% Ni
alloying coating was sprayed on the cleaned sur-
face of the sample, using plasma spray tech-
nique. Then, laser remelting was carried out us-
ing a 2 kW continuous C(} laser. The average
power uséd for remelting was 1.4 kW, diameter
of beamn was 0.8 mm, and laser intensity was of
Gaussian distribution. The sample was manipu-
lated by mounting it on an X-Y table, whose the
movement was controlled by a computer. The
sample was moved at a speed of 250 mm/s. In
order to make the alloying layer combine with
the substrate more tightly, the low speed {60
mm/s) laser remelting was carried out before
remelting ( 250 mm/s) and the overlapping of
each laser track by the followed track was 45% .

The substrate used in laser cladding was
AISI 45 steel whose size was 80 mm X 30 mm %
10 mm. The adhering metal was LCu-03, whose
chemical composition was Si0.3%-Al5.39%-Fe
4.73% and the ceramic powder was SiC. The
surface of the AISI 45 steel was grit-blasted, got
the rust off, degreased, cleaned by acetone and
dried in a furnace. The fully mixed powder
which consisted of the SiC particles and Cu pow-
der according to the proportion of 1:3 (in mass)
was coated on the cleaned surface of the sub-
strate using the sell-made adhesive, and the 1
mm thick alloying coating was formed. The sam-
ple was then put into the heat treatment furnace
at 100 C for drying in order to remove the gas in
the alloying layer. The power of laser used in
cladding was 2.0 kW, diameter of beam 5.0 mm
and scanning speed 5 mm/s.

Small specimens were cut [rom the samples
after cladding (or remelting). The cross-section
(perpendicular to the alloying surface) of the al-
loying layers was mounted and polished metallo-

graphically. The specimens were etched in the
aqua regia. These etched surfaces were observed
in a JSM-35C scanning electron microscope. The
compositional variations on the cross-section
were measured using a JXA-8800R electron
probe micro-analyzer (EPMA). In order to get
the accurate compositions, the specimens were
not etched for the EPMA analysis.

3 RESULTS
The pool micrograph of laser remelting with

the two-layer material system is shown in Fig. 1.
A bright zone and a black zone have been seen

Unmelted rﬂ‘

Lower poal

Substrate

Fig.1 Micrograph of pool of laser remelting

clearly in Fig. 1. The results of the line analysis
along direction of the pool depth indicate that Ti
and Ni elements are rich, and Al is poor in the
bright zone and that Ti element is not contained,
Al is rich and Ni is poor in the black zone (Fig.
2). Therefore, the bright zone is the alloying
layer and the black zone the commercial alu-
minum substrate. It is clearly shown in Fig. 1
that there is a melting pool in the bright zone,
and another pool also exists in the substrate,
which are separated by unmelted alloy. The phe-
nomenon of the pool separation demonstrates
that bond between the alloying coating sprayed
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and the substrate is mechanical and not metallur-
gical. So the bonding force 1s weak, and the al-
loying coating is easy to flake off, which is dis-
advataged to the properties of the alloying coat-
ing. At present, the elfects of weak convection
on the dendrite growth are vastly concerned and
studied by many researchers, especially the ef-
fects of the weak convection on the morphologi-
cal stability'® "*!. Concerning the lower pool, it
is totally surrounded by the solid wall and the
flow of the metal liquid, in which is only driven
by the buoyancy, which is comparatively little.
So the convection of the metal liquid is weak,
and the lower pool offers a place [or research of
the crystal growth under the condition of the
weak tonvection.

AKX, T35

Fig.2 Alloying ¢lement profile along direction
of pool depth of laser remelting

Fig. 3 indicates the pocl micrograph of
laster cladding. The pool is divided into the
bright layer and black layer and a distinct inter-
face exisis between the two layers. Table 1 show
the composition analysis results of the two lay-
ers. From the table, it is obvious Cu is rich in
the black laver which is easy to etched by aqua
regia and Fe in the bright layer which is hard to
be etched. [ the phenomenon of the pool stran-
fication were observed in the ceramic composite
coating (for example Zr{); ceramic and Ni ele-

Table 1 Composition of stratified pool( % )
location Cu Fe S O Al N Mn
Black layer 87.77 5.75 — 0.4 4.5 — 0.27

Bright layer 7.75 78.107.61 0.65 1.17 4.41 0.31

Fig.3 Micrograph of laser cladding

ment stratification), the properties of the ceram-
ic composite coating would have been extremely
deteriorated. However, the stratification of Cu-
Cr in situ metal composite coating could improve
the strength and conductivity. Therefore, the
effects of the pool stratification on the properties
of the alloyed coating are decided by the material
system.

4 POOL CLASSIFICATION

The previous experimental results showed
that the characteristics of the laser pool are dif-
ferent as the material systems (or the processing
parameters) are different. It is necessary to de-
velop a classification criterion, which could ratio-
nally classify for the laser pool. The separated or
unique pool is relative to the temperature distri-
bution along the direction of the pool depth, and
1s decided by the incident energy, which laser of -
fers. That is to say, it is decided by the process-
ing parameters. Assuming that a unique pool ex-
ists and the alloying layer is penetrated, the
stratified or mixed pool is decided by both the
thermal dynamics and the metallurgical kinetics
process, However, it is difficulty to develop a
classification model considering the effects of the
metallurgical kinetics process, because the pro-
cess is very complex and the mechanism of mass
transfer is issuable®’. The thermal properties
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not only decide the thermal dynamics process,
but also have an important influence on the met-
allurgical kinetics process. Therefore, the prop-
erties have an important effects on the pool char-
acteristics. The metal liquids are easy to stratify
for the positive mixed enthalpy AH, which indi-
cates that mix of the metal liquids requires the
external energy. On the contrary, the metal lig-
uids are easy to mix and alloy for the negative
mixed enthalpy.

Under the prerequisite for giving the mate-
rials and the processing parameters, the temper-
ature distribution of the two-layer material sys-
tem is decided by the following energy equation:

90 . - v.(k
05+ Ve V(pH) = V - (:2V0)

where @ is temperature, ¢ is time, k£ is con-
ducitivity coefficient, H is enthalpy, c is specif-
ic heat capacity, p is density, V is velocity vec-
tor. The material has an important effects on the
thermal properties and the temperature distribu-
tion, so the thermal properties for numerical cal-
culation are decided by the following method

(Fig.4):

Alloying layerﬂ

Bonding interface——-% o

Substratc-———/

Fig.4 Schematics of laser pool with a
two-layer material system

(1) Specific heat capacity ¢, conductivity
coefficient % and density p are decided by the al-
loying layer, if z is equal to or less than & (¢ is
the thickness of the alloying layer).

(2) The specific heat capacity ¢, the con-
ductivity coefficient £ and the density p are de-
cided by the substrate, if z is larger than &.

The highest temperature ¢, of the bonding

interface between the substrate and the alloying
layer may be gotten by solving the energy equa-
tion using the numerical technique. Assuming
that the free surface of ‘the alloying layer has
been melted, the laser pool of the two-layer ma-
terial system can be classified four types, accord-
ing to the highest temperature 0, of the bonding
interface between the alloying layer and the sub-
strate(Fig.5):

Upper material (a)

Bottom material (c) _ (d)

”-:,‘

Fig.5 Classification of laser pool with
two-layer material system
(a)—Unique pool; (b)—Separated pool;
(¢)—Mixed pool; (d)—Stratified pool

(1) The unique pool: §,< 0“‘5( Om is melt-
ing temperature of the substrate).
(2) The separated pool: O >0,> 6“‘5( O,

is melting temperature of the alloying layer),
and there are upper and lower pool separeated by

the unmelted alloying layer.
(3) The mixed pool: 0,>0,, 6,>0,,

and the mixed enthalpy AH is negative, which
illustrates that the metal liquids are easy to mix.
(4) The stratified pool: 8,>8,, 0,>0,,,

and the mixed enthalpy AH is positive, which
illustrates that the metal liquids are easy to strat-
ify.

When the thickness of the alloying layer is
large yet it is not enough to be penetrated by the
incident energy, the substrate is not melted and
the only one pool exists in the alloying layer
(type of the unique pool seen in Fig. 5(a)).
When melting point of the alloying layer is
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rather larger than that of the substrate (8, >
8. ) and energy aborsorbed by laser pool is not

enough to penetrate the alloying layer, there are
two separated pools in the alloying layer and the
substrate (Fig. 5(b)). The flow phenomena of
the metal liquid exist in both pools, but the
causes inducing flow of the metal liquid are dif-
ferent. The surface tension gradient is the main
driven force for the flow of the metal liquid in
the upper pool, but no surface tension gradient
exist in the lower pool and the main driven force
is the buoyancy, because the lower pool is en-
closed by the solid wall. When thickness of the
alloying layer is thin and the energy absorbed by
laser pool is enough to penetate the alloying lay-
er, if the mixed enthalpy is negative, metal lig-
uids fully mixed and the mixed pool can be seen
from Fig.5(c), which is a typical laser alloying
process; if the mixed enthalpy is positive, the
liquid in the pool stratified and the stratified pool
can be seen from Fig.3. Driven by the surface
tension gradient, upper-layer metal liquid flows,
and driven by the bonding interface tension gra-
dient, under-layer metal liquid flows also. The
flow of the metal liquids in the pool is the typical
two phase flows!®! and the process of convection
and heat transfer in the pool is more complex
(Fig.5(d)).

The different flow characteristics of the
metal liquid in the pool cause the different nu-
merical model due to the different types of the
laser pool with the two-layer material system.
The development of classification criterion of the
laser pool with the two-layer material system
provides the foundation of the investigation on
the metallurgical kinetics process.

5 DISCUSSION

According to the classification criterion of
laser pool with the two-layer material system,
the results of classification are good agreement
with these of the experiments for the laser pools
of the previous experiments ( Table 2), which
demonstrated that the classification criterion is
reliable.

For the laser remelting with the two-layer

Table 2 Type of laser pool
Type of pool 8, /T 0ma/°c ems/qc AH Note

Unique pool 1246 1320 654 <0 Remelting
Stratified pool 1768 1083 1536 >0 Cladding
Mixed pool 1657 1455 654 <0 Alloying

* Calculated value

material system, the interaction time between
laser and the alloying layer is short, the energy
absorbed by the pool is small and the alloying
layer is not penetrated (the highest temperature
of the bonding interface between the substate
and the alloying layer was 1246 C, smaller than
the melting temperature 1 320 'C of the alloying
layer)!1%! due to the higher scanning speed 250
mm/s. When the alloying layer melts, the sub-
strate absorbs the numerous heat expelled from
the alloying layer and melts to form a pool, be-
cause the melting point of the commercial alu-
minum (654C ) is much smaller than that of the
alloying layer (1 320 ). The separation phe-
nomenon of pool do not exist for the laser
remelting with only one material system.

Since conducitivity coefficent of Cu (398W*
m '+ C 1) is 4 times higher than that of Fe
(80.3W-m ™ 1-T ") the absorbed heat of
the Cu-base alloying layer transfers to the sub-
strate rapidly, resulting in increasing of the sub-
strate temperature, and the substrate is melted.
Under the conditions of equilibrium, the melted
Cu and Fe should be fully miscible each other ac-
cording to the equilibrium phase, but the mixed
enthalpy AH, mixed free energy AG and mixed
entropy AS are positivel’?!, and the mix re-
quires external energy, so the mix of melted Fe
and Cu is difficult on the view of thermal dy-
namics. The larger bonding interface tension be-
tween the melted Fe and Cu (compared with
that of the solid and liquid of Fe or Cu, seen in
Table. 3) restrained the mix of melted Fe and
Cu. Moreover, the diffusive miscibility between
the melted Fe and Cu is limited due to small life-
time of the laser pool (less than 1s), which il-
lustrates that it was difficult to mix the melted
Fe and Cu from the view of the kinetics. Ther-
fore, the pool stratified and the clearly separated
line between the melted Fe and Cu in the laser
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Table 3 Surface tension 7 of alloying systemm]

Cu Fe : ;
S solid-liquid  solid-liquid Resais {Cin-win
8/T 1300 1274 1831 1560 1130
Y
.4 .177 . . .
/(N'm_l)o 3 0.1 0.204 1.880 1.268

pool has been observed. The bonding interface
tension gradient caused by the temperature gra-
dient between the melted Fe and Cu drives the
melted Fe flowing, thus the flow of the metal
liquid in the stratified pool is the typical two-
phase flow.

6 CONCLUSIONS

(1) The phenomena of the pool separation
and the pool stratification have been observed by
the experiments of laser remelting with a two-
layer material system and laser cladding.

(2) The temperature distribution and the
material thermal properties are very important
factors causing the pool separation and stratifica-
tion.

(3) The classification criterion is presented
and the laser pool with the two-layer material
system is divided into four types: unique pool,

separated pool, mixed pool and stratified pool.
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