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Laser cladding of SAE1045 carbon steel with SiC/Cu alloy powder was performed in air. The
microstructures of the cross-section of the clad layer obtained were obviously divided into
three laminae. Analysis results using X-ray diffraction, scanning electron microscope (SEM)
and electron probe microanalysis (EPMP) indicate that there exist a-Cu, SiO, and CusSi in
the top layer. However, SiC particles (SiCp) originally added almost disappeared during
laser cladding. To simulate the reaction taken place in the laser pool, differential thermal
analysis was carried out by using a Perkin-ElImer DSC 7 in an atmosphere of Ar and O,. This
revealed that the SiCp is stable during heating in the atmosphere of Ar. However, intensive
oxidation and decomposition of the SiCp were found when heating was undertaken in an
0, atmosphere, which reasonably explains the formation of SiO, and CusSi in the top layer.
© 2001 Kluwer Academic Publishers

1. Introduction Up to now, the interest has been focused on the dissolu-
The formation of surface metal matrix compositestion of the SiCp and some reasonable explanations are
(MMCs) by incorporation of ceramic particles to pro- obtained [2].
duce superior surface properties on various alloy sub- However, itis because the laser processing is usually
strates, which in general possess poor wear or oxidatiogarried out in air that more complex chemical reactions
resistance, has attracted increasing interest in recemay take place. In fact, it is hard to prevent the oxygen
years. Among the various processing techniques, las@nd other gaseous elements in the atmosphere from en-
cladding is more promising because it is often the cas¢ering the laser melt pool, even when inert gas shroud
that only a limited area of a component requires additechniques have been used during the laser cladding.
tional modification, and the laser beam can be focuseds one can easily image, a drastic oxidation reaction
on the essential area, leaving the remainder untreatedccurs in the most alloy systems because of the high
Therefore, using laser cladding to make surface metdiemperature and the high flow speed of the molten fluid.
matrix composites will save energy and time. Hegge reported that SiCp reacted with oxygen during
Since silicon carbide (SiC) has good properties, suctaser cladding of aluminium with SiCp/Al powder even
as high hardness and low density, it is usually used aghen they wanted to prohibit contact between oxygen
strengthening phase in surface metal matrix composand hot material by an inert argon stream [5].
ites. However, in most cases, the chemical composition, What makes this reaction important is that both the
morphology and amounts of the silicon carbide parti-chemical and microstructural states may be changed to
cles (SiCp), added as a powder, are hardly remained great extent [6]. Previously, only a few investigations
unchanged. In some special cases, the SiCp will comwere concerned with the reactions in laser pool. In the
pletely disappear in the surface layer. For examplepresent study, a composite system of copper alloy with
Abboud and West [1] injected SiCp into a commercial SiCp was selected to test the stability of the SiCp under
purity titanium surface. They observed partial disso-the conditions of which produced little effect of the ma-
lution of the SiCp, which led to the enrichment of the trix copper alloy on the reaction during laser cladding.
matrix with silicon and carbon during solidification. Hu This is because the copper alloy is relatively insensi-
and Baker [2] preplaced SiCp on aluminium alloy sur-tive to reaction with oxygen. More attention is paid to
face and treated by laser melting. They found that thexploring the type of products and their distribution
SiCp partially dissolved in the liquid and reprecipitated within the clad layer.
during the solidification. When cobalt and nickel alloys
were used to produce surface metal matrix composites
with SiCp, no SiCp was found in the molten zone [3, 4].2. Experimental procedure
These results show that the SiCp is not stable enoughaser cladding was carried out by employing a
in laser processing. Some important metallurgical re2 KW CO, laser with multimode. The laser power,
actions of the SiCp with environment must take placethe beam size in diameter and the scanning velocity
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were fixed at 2 kW, 5 mm and 5 mm/s respectively. The
laser cladding was undertaken in air. A plain-carbon
steel, SAE1045, was used as the substrate of the spe:
imen with 80 mm length, 30 mm width and 10 mm
thickness. Powders of the copper alley90nm) and
SiCp (~60um) were mixed to form the mixture for
cladding, where SiCp was 25 wt-%. Then the powder
mixture was pre-placed on the surface of the substrate
with a chemical binder to a thickness of 1 mm. The
chemical composition (wt-%) of the copper alloy used
in this investigation is: Al 5.49, Fe 4.73, Si 0.3, Cu bal.

The microstructures of the clad layer were observed
in the optical microscope and using a JSM-35C scan-
ning electron microscope. The composition distribu-
tions were analyzed by using a JXA-8800R electron (b)
probe microanalyser (EPMP). The laser-treated spec S
imens were also examined by using a D/IMAX-Ill C
X-ray diffractometer with Mo Ka. To simulate the LJ,’
reaction taking place in the laser pool, differential ther- §
mal analysis was performed by using Perkin-Elmer 8
DSC 7. Measurements were made using a ramp rati
of 20°C min~! in the temperature range from 20 to
1200°C in an atmosphere of Ar and,O
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3. Results (©)
3.1. Microstructural characteristics S
The microstructures of the vertical cross-section of the
clad layer were clearly divided into three laminas, i.e., —
the top layer (marked by I), the bright zone (marked £
by 1) and the heat effect zone (marked by lIl), as shown 3
in Fig. 1. At higher magnification, the particles with e
regular spherical shapes were uniformly distributed in Oxygen
the top layer with a copper rich matrix. The sizes of -
the particles vary from 1 micrometer to over ten mi- Distance

(?rometers' The distributions of composition of the Par'Figure 2 Particle morphology (a), silicon (b) and oxygen (c) composi-
ticles were analyzed by EPMA. The results are givenion distribution in the top layer.

in Fig. 2, from which we can see that the particles, as
shown in Fig. 2a, are rich both in silicon and in oxy-

gen (Fig. 2b, c). Combining the results obtained by the 3
X-ray diffraction phase identification, an unambiguous
conclusion may be drawn that the particles presentec__
within the top layer are Si§) as shown in Fig. 3. The «
X-ray diffraction spectrum obtained from the as-laser ¢
clad surface was indexed in terms®fCu, SIQ and S o4

)
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Figure 3 X-ray diffraction spectrum of the laser clad sample.

CusSi. This result indicates SiCp has almost oxidized,
decomposed or dissolved into the matrix during laser
cladding. The EPMA analysis showed that the silicon
vy £ A IR £ : content increased from 0.3 wt-% to 2.3 wt-% in the
e, af SR TSN T T e matrix of the top layer.
Figure 1 A cross-section of a laser-clad specimen. The top layer, bright In b”g_ht Zone, the mlcrostrgctu_res mam_ly consist O_f
zone, heat-effected zone and steel substrate are marked by I, I, Il anfN€ particles and the martensite-like matrix. The parti-
IV, respectively. cles are divided into two types, one with a larger size
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Figure 5 The retained SiC particle as a nucleus o§Su g
O
(1-10 micrometer in diameter) and near spherical in .
Distance

shape, the other with a smaller size, less than 1 mi-
crometer, as shown in Fig. 4. The elemental distribu-igure 6 (a) SEM micrograph of the precipitation of SiC aroundSiy
tion analysis showed that the particles with the largei(b) carbon (c) copper composition distribution.
size are rich in copper, aluminium and silicon. We may
reasonably infer that these particles are the metallic
compound CglSi, in which aluminium atoms were dis-
solved. CygSi was deposited as a primary phase during
solidification. 35
Minor retained SiC was occasionally observed. The &
retained SiC particles acting as nucleus fos8iuis
illustrated in Fig. 5, in which the morphology of €%i
is around a small SiC particle. It is very interesting
to note that the size of the @8i particle nucleated
at the retained SiC patrticle is much larger than that
of the particles having not external nucleus. Therefore, ' L ' L ' '
the retained SiC particles have a great effect on the 600 700 800 900 1000 1100 1200
nucleation and growth dynamics of the 4Siiprimary Temperature (°C)
phase in solidification. A similar important result is
obtained on the effect of the solidified £ particle
on the reprecipitation of SiC from the liquid matrix. As
shown in Fig. 6, around the G8i particle, there are
many small SiC particles that are precipitated from thdayer. The thickness of the zone is sensitive to the laser
liquid matrix. This indicates that the SiC particles addedcladding process parameters, e.g., the laser power, the
to the composite powder are partially decomposed antleam size and the scanning velocity.
dissolved into the matrix during the laser cladding. In
the solidification, the matrix supersaturated with silicon3.2. Simulation of the reaction taken place
and carbon will precipitate the SiC particles. in the laser melt pool
The heat effect zone of the clad layer is an alloyedFig. 7 shows the DTA curves in DSC mode of the sam-
layer of the composite powder with the steel substrateple measured in an atmosphere of Ar. There is one en-
In this zone, a great amount of iron will enter the claddothermic peak in the heating curve. The endothermic

Exothermic (

Figure 7 DTA curves in DSC mode of 25 wt-% SiCp/Cu alloy in an
atmosphere of Ar.
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895°C, with a peak temperature of 952 and exother-
mic enthalpy of 74 J/g. Although this peak is shifted to a
lower temperature in comparison with the peak which
occurred in the cooling curve under Ar, we may in-
fer that this reaction is the solidification of the copper
alloy.

The results given above, clearly show that SiCp is not
stable when heated in an oxygen atmosphere. A series
of reactions may take place, as will be discussed further
in the following section. This is the reason why the SiCp
is rarely completely retained during laser cladding. If
one wants to make SiCp reinforced surface metal matrix
composites by laser cladding, careful protection against
Temperature (°C) oxidation should be taken.

heating

Exothermic (a. u. ) —

i | | | ! | I
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Figure 8 DTA curves in DSC mode of 25 wt-% SiCp/Cu alloy in an
atmosphere of @ 4. Discussion

The all results shown in the previous section indicate
reaction has a starting temperature of 1024an end- that the SiC _particle_s_ almos.t disappear_ed during laser
ing temperature of 1075, and a peak temperature of cladding, whll_e.the silicon oxide presentin the top I_ayer
1056°C where the enthalpy of the endothermic peakand also the silicon content of the matrix increase in the
is 120 J/g. We believe this endothermic reaction rela@ser melt pool. A drastic oxidation reaction is thought
lates to the melting of the copper alloy. After heating {0 be responsible to explain why these results. Because
to 1320°C the sample was cooled. Only one exother-t€ aser cladding was performed in an oxygen atmo-
mic peak occurs in the cooling curve. The peak has &Phere, oxygen readily entered the melt pool and re-
temperature span from 1025 to 9&3with a peak tem- acteq with the SiC particles by the possible following
perature of 1006C. The corresponding exothermic en- "€actions,
thalpy is 61 J/g. Obviously, this exothermic peak refers

to the solidification of the copper alloy. These results SiC + Oy(g) — SiOy) + [C] 1)
indicate that the SiCp has no reaction with the cop- 2SiC+ O 2[Si] + 2C 2
per alloy during heating and cooling in the atmosphere I' 029 [ 1+2CQ9 @
of Ar. [Si] + 2[0] — SiOy) 3)

The DTA curves in DSC mode of the sample mea-
sured in oxygen are shown in Fig. 8. In this case, thevhere (s), (I) and (g) refer to the reactants or the prod-
curves show a quite different kind of behaviour. Thereucts in solid, liquid and gaseous states respectively, and
are three exothermic peaks in the heating curve. Théhe symbo|[ ] denotes that the element is dissolved in
first peak (marked by I) has a temperature span fronthe liquid matrix.
981 to 1018C with a peak temperature of 1006 SiC phase is stable enough under ambient pressure
and an exothermic enthalpy of 7 J/g. The second peatll the temperature reaches about 2880 However, it
(marked by I1) occurs in the temperature ranges fromhas been reported that in the temperature region from
1018 to 1076C with a peak temperature of 1042 1000 to 1400C, SiC is sensitive to oxidization [7].
and an exothermic enthalpy of 144 J/g. The last peakJnder the present experimental conditions, the temper-
(marked by Ill) is found between 1076 and 1249  ature of the laser pool is not higher than 2000 and
with a peak temperature of 1096 and exothermic en- this overlaps the temperature region of SiC phase in un-
thalpy of 340 J/g. The three exothermic peaks may betable state. Thus the SiWvill be produced accoring
referred to the oxidation reactions of the SiCp. Muchto Equations 1 or 3. Itis calculated by Equation 3 that a
to our surprise, there is no endothermic peak in theelease of heat of 890 kJ/mol will occur, while the cal-
heating curve, which is the indication of the melting culations based on Equations 1 and 2 will give 800 and
of copper alloy. The reasonable explanation is that th&8 kJ/mol, respectively, in the temperature range from
oxidation reactions of the SiCp are so intensive thatl000 to 1400C. A comparison of these data with the
the endothermic heat of the copper alloy melting isresults obtained from Fig. 7, suggests that SiCp reacts
completely counteracted by the exothermic oxidationwith oxygen and forms Si© Meanwhile silicon and
reaction. carbon atoms are dissolved into copper alloy matrix.

In the cooling curve obtained under oxygen, two The dissolved silicon reacts further with oxygen and
exothermic peaks may be observed, while only ondorms SiQ, untill the SiCp is almost consumed.
exothermic peak has found under Ar. As shown in The products of the reaction, i.e., the elements sili-
Fig. 8, the first exothermic reaction (marked by IV) con, oxygen and carbon, will be dissolved into the lig-
occurs between 1143 to 982, with a peak temper- uid, which resulted from the SiC which precipitated
ature of 1072C and exothermic enthalpy of 250 J/g. around the existed particles, e.g., thg;8iuduring so-
We deduce that this reaction is the precipitation of thdidification, as observed in Fig. 6.
primary phase of the metallic compound £Siifrom The possible reactions which existed in laser melt
the liquid copper alloy. The second exothermic reacpool, as describing above, may give a reasonable expla-
tion is found in the temperature ranges from 982 tonation of the formation of silicon oxide and the increase
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of the silicon content in the matrix, as well as the forma-particles produced will move upward to the top layer
tion of the metallic compound G6&i. But, itis still not  of the melt pool.

resolved how the distributions of these oxides within
the clad layer can be explained? Why do the Spar-

ticles exist in the top layer? The application of dynamic ; . N . .
analysis, dealing with the flow of a molten alloy con- (1) There exists a drastic oxidation reaction during the

L . : : laser cladding of copper alloys with SiC particles on
taining a multiphase, is believed to be useful for the . . X .
determination of the distribution of the oxide particles.the steel substrate SAE1045. SiC particles will be oxi-

At the very beginning, the velocit) of oxide par- dized and Si@formed within the melt pool. The X-ray

ticles within the liquid can be estimated using Stokesd'ﬁcr"’lc'[Ion spectrum obtained from the as-laser clad

. : 2 =" ““surface identifiedyr-Cu, SIQ and CuSi. This result
l?r\;]vit[t?e]c;f':,r\]lirsc‘e?grl?aose the flow velocity of the liquid is indicates that SiCp has almost completely oxidized, or

decomposed and dissolved into the matrix during laser

5. Conclusions

2r2(p - p) g cladding.
vz WS 4 (2) SiCp is stable during heating in an atmosphere
u of Ar. However, extensive oxidation and decomposition

ofthe SiCp was found when heating in an atmosphere of
O3, three exothermic peaks in the heating DSC curve
and two exothermic peaks in the cooling DSC curve

d_ensities of oxit_je and quuid_ COpper, agdihe_ gravita-_ were observed, which reasonably explain the formation
tional acceleration, respectively. The densities of SiO of Si0, and CwSi in the surface layer

and ”qL."d copper are 2.32 and 7.93. Substityting these (3) The migration velocity of the oxides estimated
V‘?:ﬁ?st'r?to quf[Jat'oT A_'I_’r:’\’e celm get the velocﬁyfofﬁo using Stocks law is too small to explain the experimen-
within the melt pool. 1he value IS very small, 1or €X- 1, raqyits. It is believed that the key factor to drive the
ample, taking thesradlus of the oxide as .10 micrometer,, , ement of oxide to the surface layer is the surface
Vsio, =3.58x 10> mm/s. Because the lifetime of the o \qion driven flow of the molten matrix metal. In this
melt pool under the present experimental conditions ISase. most of Sipparticles within the melt pool can

about one second:(p/vs, where Vs is the scanning o\ upward to the top layer,
speedD the beam size of laser), the upward migration
distances of the Sigparticles are 58 x 10-> mm. Ob-
viously, the values are too small to explain the resultsAcknowledgement
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