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Abstract : Perfect composite coatings have been successfully produced with preplaced mixture of Cu + Al Oy (2 % ~
20 %) on AISI 1045 steel substrate by using a 2k W CO, laser. A suitable amount of Al, Oy in Cu as additive can improve
the processing conditions of laser cladding . Fe-rich particles were observed in the clad layer during microstructural observa-

tion with SE M and che mical composition analysis by EDAX. The experimental results showed that microhardnesses of the

coatings were over 150HV; o5 and the electric resistivities were about 4.0 x 10~ 8 ~45%x10°%Qem.
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1 INTRODUCTION

During past twenty years, composite coat-
ings produced by laser cladding have shown great
perspective in material surface hardening because
of their high microhardness, excellent wear re-
sistance and good corrosion resistance!' 1. This
kind of coatings is mostly formed with preplaced
or injected powders including Ni-based, Co
based , Fe-based or Cu based alloys as base metal
and WC, BC, TiC, SiC, ZrO, or Al, O; particles
as reinforce ment!?!. The application of laser
cladding process on nonferrous metals has at-
tracted increasing interest in recent years. Some
investigators tried to produce SiC and SiC/ Al

[34) In or

coatings on aluminium alloy AA6061
der to reduce Ag consumption and pollution,
Bruck once obtained Ag coating on Cu surface by
using laser to produce electric contact materi-
all>1,

So far copper coating and particle reinforced
copper matrix composite coatings have not been
produced by laser cladding according to reported
researches in spite of their wide applications in
electricity-conductive materials . Alumina as ad-

ditive in Cu can improve hardness and keep its

electric conductivity at elevated te mparature[6].

Therefore , mixture composed of pure Cu powder
and Al, O; powder was used to form Cu compos-
ite coatings on plain carbon steel AISI 1045 in
the present work . The processing condition, mi-
crostructure and chemical composition of the
above coatings were investigated, and then mi-
crohardness and electric resistivity were tested .

2 EXPERI MENTAL

AISI 1045 steel with the size of 40 mm X 30
mm X 8 mm was used as substrate material in the
present experiment . The pure copper powder
(99.9%,~20pum in size) was mixed with alu-
mina(99 .9 %, ~20pum in size) used as additive
with mass fraction of 2%, 5 %, 10 % and 15 %
respectively. The mixture, with a thickness of
about 1 .0 ~1 .5 mm(for overlapping) , was pre-
placed on the surface of the substrate with a
che mical binder.

The laser used in this experiment was HGL-
81 CW CO,laser produced by Huazhong Univer-
sity of Science and Technology with a maximum
output power of 2.2 kW. The main processing
parameters were as follows : laser power P, 2.0
kW; beam spot diameter D, 3mm; scanning
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speed v,, 3 ~ 13 mm/s; overlapping rate gz,
1/3.

The track cross-sections were cut and pol-
ished by standard metallographic techniques .
The polished samples were etched in a solution of
20 %( NHy)»S,05-80 %H, O for about 10s . After
specimens prepared, a JSM35 C type scanning
electron microscopy( SEM) with associated ener-
gy dispersion X ray analysis( EDAX) was used to
observe the microstructure and investigate the
chemical composition. The hardness measure-
ments were carried out with a Buehler Il micro-
hardness tester using 100 g and 50 g loads for sin-
gle track cross section and overlapped track sur
face respectively . Electric resistivity was calcu-
lated from the result of the clad resistance tested
by a digital ohmmeter with an accuracy of
0.001 Q.

3 RESULTS AND DISCUSSION
3.1 Laser cladding process

Laser cladding
smooth, crack-free and pore-free clad coating

technique can produce
with some superior properties . For a given mate-
rial system , energy density in a certain period is
the key factor to determine the clad quality. To
evaluate energy density , specific energy Ejis de-
fined as

E A 1
s = D vy, ( )
where P, is the laser power, D is the beam

spot diameter, and v, is the laser scanning
speed .

Clad coatings of different quality may be ob-
tained by using different specific energy E;. If
specific energy E;is too low, it is impossible to
achieve good coating due to not completely melt-
ing of the mixture preplaced on the surface of the

Table 1

Thermophysical parameters of three substances

substrate . Minimum specific energy Egp;, is i
troduced to describe the minimum value of spe-
cific energy needed to form uniform , smooth and
continuous clad coating . In the present experi-
ment of lasercladded Cu + Al,O; mixture on
AISI 1045 steel substrate , minimum specific en-
ergy Eqpinis 43.0 ~52.0J* mm™?
the content of Al,O; in the mixture .

, varies with

Particles such as Al,O; in the mixture may
have great influence on the processing condition
of laser cladding . As can be seen from Table 1,
the density of Al,O;is much lower than that of
Cu, and the mass fraction of Al,O;( represented
by w) is quite different from its volume fraction
(represented by ¢) . There exists the following
equation :

w/ P, 0,
W/ Pa,o, * (1 - 0)/ g,

@ = (2)

Table 2 shows the relation of the two frac
tions and a conclusion may be drawn from it that
the volume fraction is double mass fraction when
the content of Al,O; in the mixture is not very
high. Absorptivity of the mixture to CO, laser
(represented by a,) , which is mainly deter
mined by the content of the mixture, is also giv-
en for every content of Al,O; in Table 2. It is
calculated according to volume fraction as

+ (- 9a, (3)

The specific energy needed for laser-cladded
Cu + Al,O; mixture decreases when the content

a, = @° a
m Alzo3

of Al,O; increases because of much higher ab-
sorptivity of Al,O; to CO, laser compared with
that of Cu.
Al, O; in the mixture reaches 15 % ( nearly 30 %

However, when the content of

in volume fraction) , laser cladding process
becomes very difficult due to the appearance of

many defects such as cracks and pores. In

[71

Density Melting point Boiling point ~ Thermal conductivity Laser absorptivity( CO,)
Substance 3 . o o1 o1
O (grem™?) ty/ C t./ C NV(Wem 'eK ) al %
Al, O, 3.97 2045 2980 36 .0 95.0
Cu 8.90 1083 2595 398.0 1.5
Fe 7 .80 1535 3000 80 .3 3.5
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Table 2  Laser absorptivity of
Cu + Al, O; mixture a,

w( Al, O5) « Al, O5) a,
! % ! %
2 4.4 5.6
5 10.6 11 .4
10 20.0 20 .2
15 28 .3 28 .0

addition, a great amount of Al, O; are lost when
its temperature is higher than that of its boiling
point during laser irradiation. Excellent clad
coatings are obtained when the content of Al, O;
in the mixture is about 10 % .

\r, ”{’"h":;_ . }- ;‘.» ’i‘:‘::“. : . <
: b o RS ST

P :

L %
B P A R A A e

.. o 2
s = LT B
ol L W B

3.2 Microstructure and composition
3.2.1 Microstructure

Smooth and crack-free clad coatings were
formed after the mixture of Cu + Al,O; was
melted and metallurgically bonded with the AISI
1045 steel substrate . Fig.l shows the SEM mi-
crographs of laser-cladded Cu +10 % Al, O; com-
posite coating. Three regions of clad, heat-af-
fected zone and AISI 1045 steel substrate may be
seen in Fig.1 (a) . The interface between the
clad and heat-affected zone is not flat, but ap-
pears to be slightly higher in the center and low-
er on the side. Under the action of gravity and
surface tension force , there is a strong convec
tion loop of liquid metal in the molten pool on

Fig.1 SEM micrographs of Cu+10 %Al,0; clad
(a) —Clad panorama; (b) —Three regions ;
(¢) —Top region; (d) — Mid region; (e) —Bottom region
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each side during laser cladding , with upper lig-
uid flowing to the side and lower liquid flowing
to the center. The liquid convection loop im-
proves heat transferring from the molten pool to
the substrate , so the substrate under it may be
heated to a higher te mperature and melted. The
interface is formed after more melted AISI 1045
steel substrate on the side was brought into the
molten pool compared with that in the center.

Fig .1(b) shows microstructure of the clad
coating with three typical morphologies as fol-
lows: black particles in the top region, bright
particles in the mid region and black lumps in the
bottom region. Magnified micrographs of these
regions are given in Fig.1(c), (d) and (e) .
Particles in Fig .1(c) have spherical shape with a
diameter of about 10 pm. Few bright particles
with very fine size can also be seen in the same
figure. Some particles in Fig.1 ( d) also have
spherical shape, but the others are in cornuted
shape. In addition, there are much more fine
particles among those big ones in this region than
that of Fig.1(c) . The black lumps in Fig .l (e)
have serrated side and fine separated particles in
the m . Obvious dendrites of Cu near the interface
may also be seen in Fig.1(e) .

3.2.2 Composition

Contents of main ele ments( Cu, Fe, Al and
Si) in different regions in the depth direction of
the clad are shown in Fig.2. The x axis repre-
sents the reduced distance calculated from the ra-
tio of the distance ( represented by d) from sur
face and the height of the clad ( represented by
H) . It is noted that the above results are effec-
tive in spite of their possible errors due to the
fact that the content of carbon and oxygen have
not examined .

High Fe content was detected in different
region of the clad, which means that AISI 1045
steel substrate near the interface between the
clad and substrate was melted and brought into
the molten pool. From the fact that the contents
of Cu and Fe in different regions are kept about
50 %, it indicates that Cu liquid may be evenly
mixed by Fe liquid brought into the molten pool .
Due to heavily evaporating of Al, O, after laser ir-
radiation'®!, the content of Al in the clad is
about 2 %, which is far lower than that of the
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Fig.2 Composition in different regions
along clad depth

Cu + Al, O; mixture before laser treat ment . With
the increase of reduced distance, the content of
Al slightly decreases due to the tendency for
Al, O; to float to the upper region in the molten
pool because of its far lower density compared
with Cu and Fel®!. Like Fe, Si in the clad comes
from AISI 1045 stecl and has the same distribu-
tion .

Che mical compositions of different mi-
crostructures in the clad analyzed by EDAX are
given in Table 3 . It is obvious that the two kinds
of particles are Fe-rich while the matrix around
the particles is Cu-rich. Apparently , Fe ele ment
in the clad is originated from the AISI 1045 steel
substrate melted near the Cu liquid. From the
phase diagram of Cu Fe binary a110y[10]
be seen that Cu and Fe hardly dissolve in each

, it may

other at a very wide te mperature range . So lig-
uid Fe brought into the molten pool did not com-
pletely dissolve in the clad and solidified into

Table 3 EDAX results of
different microstructure (%)
Ele ment Cu Fe Al Si

Particles in top region of

the clad 14.32 82.45 2.17 1.06

Particles in bottom

region of the clad 10.48 88 .11 1.03 0.38

Matrix in bottom region

of the clad 59.45 36 .87 2.15 1.52
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Fe-rich particles after the te mperature fell down
below its melting point . However, solubilities of
Cu and Fe in each other have greatly increased
due to high cooling rate during laser cladding .

3.3 Properties
3.3.1 Microhardness

Fig .3 shows the tested microhardnesses at
different points in the depth direction of the clad
cross section. With the increase of reduced dis-
tance from surface , the clad hardness decreased
from 440 HV, ; to about 300 HV, ; and was rela-
tively homogeneous when the laser scanning
speed v, was equal to 7 mm/s, however great
heterogeneity was observed when the laser scan-
ning speed was 5 mm/s. The hardness of the
clad was mainly determined by its contents of Cu
and Fe because of their obvious difference in
hardness. Compositional homogeneity was ob-
tained at v, =7 mm/s, which resulted in the ho
mogenous distribution of hardness of the clad.
When v, =5 mm/s, the heterogeneous distribu-
tion of hardness of the clad was resulted from the
isolated existence of Cu and Fe, i.e. Cu in the
top region and Fe in the bottom region.

750
x v,=7mm/s
"> 600 O v, =5mm/s
5
z
7 450
&
T
& 300
2 150
0 0.75 1.50
Reduced distance from surface(d/H)
Fig.3 Hardness in different regions

along clad depth

Clad coatings with large area of Cu + Al, O,
mixture may be produced through overlapping
one track on another. The hardnesses in differ
ent regions on the overlapped surface may differ

from each other. As can be seen from Fig .4, the
hardness in the overlapped region is usually lower
than that in the track center due to the reheating
and re melting procedure of the overlapped area .
Fig .4 also shows that with the increase of laser
scanning speed v, , the hardness of the clad de-
creases as a result of less Fe content in the clad
owing to less substrate melted in spite of opposite

effect of the increase of cooling rate .
200
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Fig.4 Hardness of overlapped
clad under different scanning speeds

3.3.2 Electric resistivity

The tested electric resistances of some over
lapped clad coatings produced under different
laser scanning speeds are shown in Fig.5. Elec-
tric resistivities calculated from related resistance
are also given in the same figure. It indicates
that electric resistivities of the clad coatings were
tested to be about 4.0 x10° % ~4.5x10"° Q-
m, which shows very good electric conductivity .
The calculated electric resistivities of the clad
coatings are between those of pure Cu(1 .69 x
10°°Q+ m) and pure Fe(9 .78 x 10°°Q+ m) ,
which is in consistence with the fact that the
clad composition was mainly composed of Cu and
Fe .

4 CONCLUSIONS

(1) Smooth and crack-free clad coatings
have been successfully produced by preplacing
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10 0.10 and Fe .
8 (3) The microhardnesses of the clad are
‘5:': 8t 0.08 over 150 HV, 5, far more than that of pure Cu,
= Eg and vary with the content of Fe in the clad coat-
—
g (,,/D_%D\'O 06 & ing. The electric resistivities of the overlapped
g % clad coatings are tested to be about 4 .0 x10° 8~
B g— —— 0.04 ; 4.5x10 % Qem, which is bet ween those of pure
@ N 1>
8 o Cu and pure Fe.
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