JMEPEG (2000) 9:81-87 ©ASM International

The Effect of Continuous Cooling Heat Treatment on
Interface Properties of SK3/Copper Compound Casting
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The bonding of an SK3 steel insert to copper during cast welding and heat treatment was studied. The interface
shear strength was made with a push-out test. After cast welding, a cast welding layer formed between SK3
steel and copper. After a continuous cooling heat treatment, there was a cast welding layer near the SK3 steel
matrix, an irregular layer near the copper matrix, and a middle layer between them. X-ray diffraction analysis
was used to determine that the interface layer consisted of carbon and CuFe®@hrough electron probe x-ray
microanalysis (EPMA), it was shown that mainly iron atoms and carbons diffused into the copper matrix.
The interface shear strengths of the compound casting while with water quenched, oil quenched, air cooled,
and furnace cooled, were 23.42, 18.74, 12.29, 13.43, and 8.33 MPa, all of heat treatment fractures in the cast
welding layer near the SK3 steel matrix.

Keywords compound casting, continuous cooling, copper/stedl acetone. The mild steel was treated with hot dipping and vacuum
cladding plasma spraying to separately form Al-10%Fe and titanium re-
acted layers, which can increase the steel's wettability with an
aluminum alloy.
1. Introduction Shieuet all® pointed out that in the interface reaction of NiO
and platinum, the forming of a solid solution interlayer in the

Adding a strengthening phase to a copper matrix to form cop-interface can promote the shear stress of the composites. Choi

per matrix composites was often done to improve mechanical®t @l“*® found that during the reaction of titanium and SiC, there

properties when copper or copper alloy was used as the electriwa@s & thermodynamic driving force to make titanium and SiC
cal contact material. Schilling and Gréinised the internal ox- produce reactants. In the research of the relation between frac-

idation of a copper-aluminum alloy to produce alumina in the ture toughness and interface reaction of titanium ag@ALu

copper matrix. Warrier and Rohdtgshowed that mechanical €t al* pointed out that the decline of fracture toughness was
properties could be improved by adding Tifrticulate to cop- due to the formmg of some hard and brittle !ntermetalllc com-
per. Petersoat all® proved that conductivity, heat conductivity, pounds and cavities in the interface. According to the report of
and mechanical properties of copper alloy could not be changednterface cracks made by Evaes al.'” the appearance of

by raising the temperature if 1 wt.% Th@as well distributed cracks was m_a_lnly affected by two constants: energy release rate
in the copper alloy. After being heated to a proper temperature 21d mode mixity anglep (¢ = 0 means open cracky;= /2
throughin situprocessing of metal, two or more metal elements Means shear cracks). _ _
were remelted, and with the exothermic reaction, TiB2 particu- [N the research of using heat treatment to improve mechani-
lates of 50-nm distribution in the copper matrix were formed; the €& properties, Klomy found that heat treatment with different
conductivity of the copper matrix containing 5 vol.% JRr- conditions produced d'lfferent bondmg strengths in the interface
ticulate could reach 76% of the international annealed copper®f COmposites. By using austempering heat treatment, Moore
standard (IACS). At 26C, resistance was 1.724.0° ohm/cm? etall** changed the distribution and the size of ferrite iron grains
cnr?, but when the working temperature was overER®0% of and pro_ducgd carbon steel to o_btaln the ductility of austenite
IACS was needed to obtain a fine conducti¢ighrysanthouand ~ Steel with high strength and high toughness. Under melting
Erbaccié verified that duringn situprocessing of copper matrix ~ Point, Qianet all**l added steel wire to molten white cast iron,
composites, the products of Cu/Fi@mposites had a high con- ~ finding that some features of austenite steel or phase transfor-
ductivity and strength. mation were left in the interface of steel and iron. _

The quality of wettability between two types of metals ora  Pushing out and pulling out are often used to test interface
metal and nonmetal is significant for determining the boriling. ~ Strengthi:*:¢Observing the microstructure of interface through
In addition, characteristics of materials and velocity, tempera- Sc2nning electron microscopy (SEM) and transmission electron
ture, and time of diffusion should be considered as the effects ofMicroscopy, testing interface strength by pushing out, and then
bonding Durrantet al!® pointed out that when mild steel was analyzing interface composition through energy dispersive spec-
used to strengthen an aluminum alloy, some grease and other imffometry (EDS), electron energy-loss spectroscopy (EELS), and

purities on the surface of the mild steel were removed by usingX-"ay photoelectron spectroscopy (XPS) are the interface ana-
lytic steps explained in the report by Lewis and Muf#ly.

In this paper, after cast welding pure copper and SK3 hyper-
C.B. Lin and J.-S. Ho, Department of Mechanical Engineering' eutectoid Steel, four continuous COOIing heat treatments, in-
Tamkang University, Tamsui Taipei, Republic of China. cluding water quenching, oil quenching, air cooling, and furnace
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cooling, were used on the compound casting. Heat treatment wa
used to promote the hardness of the SK3 steel matrix and shee
strength of the interface between SK3 steel and pure copper. T«
distinguish the change of the composition and the microstructure
of SK3 steel and interface before and after heat treatment condi
tions, the microstructure of the compound casting was observec
by optical microscopy (OM) and SEM, the interface phase by x-
ray diffraction analysis, and the composition by EDS and elec-
tron probe x-ray microanalysis (EPMA). Moreover, pushing-out

analysis was used to test interface shear strength.

2. Experimental Procedure

2.1 Materials Production

Copper of 99.98% as the matrix and SK3 steel with a diame-
ter of 10 mm and a length of 240 mm as the reinforcement (the
chemical composition wds1.0001.10%C, less than 0.35%Si,
less than 0.50%Mn, less than 0.030%P, and less than 0.030%¢S
were cast welded together. For the process of cast welding, car
bimet paper of 1200 grid was used to polish the surface of SK3
steel; oxides and grease on the surface of the steel rod were re
moved by alkaline washing solution (composed of 16wt%NaCO
with H,0, the balance alkaline), washing temperature S0C,
and then water was used to clean the rod. The water left on the
surface of the steel rod was quickly eliminated by drying with
compressed argon gas; at last, a compound casting was forme
by cast welding treated SK3 steel to molten copper at A@50

. . o
For the entire cast welding procedure, argon gas was used to pre
vent surface oxidation of SK3 steel. Figure 1 shows the appara:
tus of cast welding and the compound casting.
2.2 Heat Treatment “q}\” ©)

To determine the effect of different heat treatment conditions
on the interface, the compound casting was cut into specimengig. 1 (a)to (c) Apparatus for cast welding and compound casting
with a 20-mm diameter and a 15-mm thickness, preheated to
760+ 3 °C, and then isothermally heated for 2 h. Subsequently,
four continuous cooling heat treatments, including water quench-Taple 1 Properties of the quench oil
ing (cooling by stirring in icy water for 60 s at ¥@ °C), oil

guenching (cooling by stirring in 2, + 3 °C, oil bath for 90 s Properties Value
in the isothermal condition), air cooling to23°C, and furnace  gayity, D287 15.6 AP 305
cooling to 27+ 3 °C, were used, respectively, to cool the speci- viscosity kin: cSt, 46C (100C) 28.0 (5.10)
mens. In addition, Table 1 lists the properties of the quench oil. Viscosity index, D2270 106
Flash point, COC3C (°F) 228 (442)
. . Fire point, COC?C (°F) 7.7 (18)
2.3 Microstructure Observation Color, D1500 25

The cut cross section of heat-treated compound casting was
ground by carbimet paper of 100 to 1200 grid, polished by a sus-

pension liquid of 0.3tm Al,O; particulate, and etched by an  jor Then the analysis of interface was made using a MAC Sci-

etching solution (95% ethan®l5% nitric acid) for 3 s. Then, o .o MXP-3TXT-A104 x-ray diffraction analyzer (Shimadzu
through OPTIPHOT-100 Nikon OM (Nikon Corp., Tokyo) and ¢, kyoto) with a 3 kW x-ray generator, copper target, 1.54056

JEOL-JSM 840A SEM (Japan Electron Optics Ltd., Tokyo), the A yavelength, 40 kV voltage, and 30 mA current. The speed of
microstructure of SK3 steel and the interface were observed. o/ was used for scanning from 20 & 80

Moreover, the relative proportion of iron to copper in the interface

was analyzed through the line scan of JEOL (JEOL USA, Inc.,

MA) JXA-8800M EPMA. 24 Push-Out Test
For x-ray diffraction analysis, each interface formed after cast  The testing rig for the push-out tests consisted of an SKD11

welding and heat treating was taken out to be ground into pow-(HRC62) tool steel lower plate with a 10.2-mm-diameter hole. A
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250-mm-thick disk from the heat-treated compound casting was
placed on the plate, and a 9.8-mm-diameter SKD11 (HRC62) tool
steel punch was used to push out the SK3 steel insert. The push-
out test was performed using an HT-9102. Instron (Hung Ta In-
strument Co., Ltd., Taiwan) testing machine. The SK3 steel of
the compound casting was pushed out at the crosshead speed of
5 mm/min. According to Durrant’s theolf} the shear stress

of the interface was equal td[TD(t — d)] (L is the area of in-
serting reinforcemenD is the diameter of inserting reinforce-
ment,t is the thickness of the specimen, ahig the push-out (a)
distortion displacement of reinforcement, not including elastic
distortion). Based upon this theory, interface strength was ob-
tained, and the average was determined from three selected data.

2.5 Fracture Morphology Observation

Using OPTIPHOT-100 Nikon OM, the fracture morphology
of the pushed-out specimen was observed. Additionally, the frac-
ture morphology of the interface around the fracture area, which (b)
could not be observed through OM, was observed after the spec-
imen was polished and etched prior to the push-out testing.

3. Results and Discussion

3.1 Microstructure Observations

Figure 2(a) shows the microstructure of SK3 steel and copper
after cast welding. It was found that an interface, called the cast
“welding layer,” was formed between SK3 steel and copper be- (©)
cause the molten copper of 1I8Dwas cast welded directly with
SK3 steel to form the reacting layer while it was poured into the
preheated sand mold.

After SK3 steel and copper were cast welded together and a
continuous cooling heat treatment was used on the compound cast-
ing, its interface, shown in Fig. 2(b) to (e), was divided into three
main sections. The section closest to the SK3 steel was the cast
welding layer (1), the layer closest to the copper was an irregular
layer (ll1), and the last layer in between was the middle layer (II).

Figure 3 shows the microstructure of SK3 steel after continu- (d)
ous cooling heat treating. Figure 3(a) shows the microstructure of
the water quench. It was found that the microstructure of SK3 steel
was martensitic phase. The microstructure of the oil-quenched
specimen was mixed with fine pearlite and martensite phase,
shown in Fig. 3(b). The microstructure of the air-cooled speci-
men with the medium pearlite is shown in Fig. 3(c). The mi-
crostructure of the furnace-cooled specimen was mixed with
coarse pearlite and spheroidal cementite, as shown in Fig. 3(d).
It was found that after continuous cooling heat treatment, the mi-
crostructure of the nearby cast welding layer contained a ferrite )
region, as shown in Fig. 3(e). The ferrite region was formed
when the heat of molten copper (1T8l) was transferred tothe  Fig. 2 SEM photograph of SK3 steel/copper compound casting.
surface of SK3 steel, raising the temperature of the surface td@) Before heat treatmerfb) Water quenchindc) Oil quenching(d) Air
cause decarbonization. cooling.(e) Furnace cooling

3.2 X-Ray Diffraction and EPMA (such as CuFefand C), which have the peak values shown in

A cast welding layer produced from the cast welding of SK3 Fig. 4. The analysis of x-ray diffraction after continuous cooling
steel and copper was taken out and ground into powder for x-rayheat treatment was also completed. Those results were the same
diffraction analysis and determination of chemical compounds as Fig. 4. The interdiffusion of copper atoms and iron atoms
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Fig. 3 SEM photograph of SK3 steel matriga) Water quenching.

(b) Oil guenching(c) Air cooling. (d) Furnace coolinge) Optical micro-
scope of a carbon-free region near the cast welding layer
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Fig. 4 X-ray analysis of SK3 steel/copper compound casting

graph iron map and copper map of cast-welded SK3 steel and
copper are shown in Fig. 5(a) to (d). According to these results,
the iron content is more than that of copper in the cast welding
layer. After annealing for 2 h at 76Q, and using the oil cooling
heat treatment shown in Fig. 6(a) to (d), the EPMA after water
quench, air cooling, and furnace cooling was completed. The re-
sults were the same as Fig. 6(a) to (d). These results show that
iron atoms tend to mostly diffuse to copper matrix. The reason
is that the cast welding layer has a high concentration of carbon
and can thus effectively prevent copper atom diffusion into the
SK3 steel matrix.

The contents of iron and copper of cast-welded SK3 steel and
copper were approximately 72 and 0.64%, respectively. The av-
erage contents of iron and copper in the continuous cooling heat-
treated cast welding layer were approximately 56 and 0.56%,
respectively. The contents of iron and copper in the middle layer
were approximately 72 and 0.40%, respectively. The contents of
iron and copper in the irregular layer were approximately 70
and 1.50%, respectively. Through EPMA, it was found that

caused CuFefQo form, and the decarbonization of the SK3 steel in the entire process of cast welding and continuous cooling
surface caused carbon in the interface. The EPMA qualitativeheat treatment, most diffusion resulted from iron diffusing into
analysis, the line profile, and the corresponding SEM photo- the copper matrix to further produce copper-iron compounds;
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Fig.5 EPMA of SK3 steel/copper compound casti@Line profile.
(b) SEM photograph(c) Iron map.(d) Copper map (d)

. . Fig. 6 EPMA analysis of SK3/copper compound casting around
however, ther_e was only a smgll amount of copper diffusion to marquenching(a) Line profile. (b) SEM photograph(c) Iron map.
the steel matrix. The cast welding layer had the highest contenyq) copper map
of carbon. The middle layer had a similar content of carbon

with an irregular layer; that is, the cast welding layer in solid
solution had more carbon decarburizing from the SK3 steel SK3 steel rod at normal temperature was melted to form a cast

welding layer; meanwhile, the heat of molten copper was trans-
mitted to the rod surface of SK3 steel, raising the temperature
3.3 Mechanism Formed in Interface of the surface to cause decarb_onizatime cast welding layer
‘ thereby had a high concentration of carbon and fewer copper
The mechanism of three sections formed in the interface atoms to interdiffuse with iron atoms. The compound casting was
after molten copper of 115@ was poured. The surface of the putin an isothermal furnace for 2 h at 7€0to obtain difusion

matrix.
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within. At this temperature, the diffusion coefficient of iron
diffusing to the copper matrix was quicker than that of copper
to the iron matrix; therefore, iron atoms passed over the cast
welding layer from the matrix to the copper matrix to form the
middle layer. The width of such a reacted layer developed with
time. While iron atoms were diffusing to the copper matrix, car-

bon atoms in the cast welding layer also diffused to the middle

layer in succession, with solid solution in the interstitial of the
iron unit cell, and the higher concentration of carbon effectively
prevented copper atoms from passing over the cast welding

layer. Diffusion continued, and iron atoms in the middle layer ZF3E
formed (Fe-C) with supersaturated carbon to effectively pre- ¥

vent copper atoms with a slower diffusion rate from entering
the middle layer. Diffusion continued, through the routes
formed among the (Fe-articulate in the middle layer, and

iron atoms diffused to the copper matrix. Thus, an irregular %,

layer was formed. Connections and diffusing routes fegneed
while iron atoms diffused in all directions in the copper matrix.
Then a secondary middle layer also formed in the irregular
layer, as shown in Fig. 7.

3.4 Push-Out Analysis of Interface

Before heat treating, the average interface shear stress of a cast

welding layer formed by cast welding SK3 steel and copper was
23.42 MPa. After heat treating, the respective average interface

shear stresses of a water-quenched, oil-quenched, air-cooled, and

furnace-cooled cast welding layer were 18.74, 12.29, 13.43, and
8.33 MPa, respectively. According to Durrattal.® the shear
stress at the interface was —up, where is the coefficient of
friction andp is the normal stress acting on the insert surface.
The magnitude g was determined by residual elastic stress in
the matrix. Figure 3(e) shows that thevalue is equal for all

heat treatment conditions because a nearby cast welding layer
of SK3 steel matrix for all heat treatment conditions contains a
ferrite region; thus, the interface shear strength was only deter-
mined by residual elastic stress. Due to the net change in tem-
perature as the cast welding and after heat treatment, the former
(1123°C) was bigger than those of the latter (water quenching
was 727°C, others were 737C), so the cast welding had the
largest residual elastic stress. With the increase of diffusing time
during the process of furnace cooling, the residual elastic stress

was released and shear stress was reduced. Figure 8 shows that

ing were all in the cast welding layer near the SK3 steel matrix.
This was because the region had both high carbon and stress
concentrations.

Based on the previous results and discussion, it can be con-
cluded that the SK3 steel/copper compound casting through
water quenching heat treatment can simultaneously increase the
hardness of SK3 steel and the shear strength of the interface. «

4. Conclusions

The following conclusions can be drawn.

» After heat treating, reacted layers formed in the interface.
The layer near the SK3 steel matrix was the cast welding
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Fig. 7 SEM photograph of the secondary middle layer

cast welding layer

the fracturing region before heat treating and around heat treatF19- 8 Push-out fracture morphology of SK3 steel/copper compound

(b)

casting.(a) Before heated treatmerh) After marquenching

layer. Another layer close to the copper matrix was the ir-
regular layer. The layer between the prior two layers was the
middle layer.

Through EPMA, it was proved that iron atoms mainly dif-
fused to the copper matrix, and only a relatively few copper
atoms diffused to the iron matrix when diffusion proceeded
between two matrixes. From x-ray diffraction analysis, it
was found that the chemical compounds of the interface
were CuFe®and carbon.

The compound casting had the largest interface shear strength,
and the furnace cooling specimen had the lowest interface
shear strength.
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e The fractured region occurred near the SK3 steel matrix in 6.
7.

e The compound casting as a result of water quenching showed 8.
a simultaneous improvement in the hardness of the SK3 steel

the cast welding layer.

matrix and the interface shear strength.

Acknowledgment

This study was supported by the National Science Councillz'
13.

(Taiwan, Republic of China).

References

1. W.F. Schilling and N.J. Grarowder Metall. Int.1973, vol. 5,
pp. 117.

2. K.G.K. Warrier and P.K. Rohatdrowder Metall. Int.1986, vol. 29,
pp. 65.

3. L.G. Peterson, E.R. Kimml, and R.A. Queerizywder Metall. Int.,
1973, vol. 5, pp. 65.

4. R.R. Hart, B.C. Wonsiewicz, and B.Y. ChMetall. Trans. 1970,
vol. 1, pp. 3163-72.

5. A. Chrysanthou and G. ErbaccloMater. Sci.1995, vol. 30, pp. 6339.

Journal of Materials Engineering and Performance

10.

11.

14.

15.

16.

17.
18.

19.

J.M. Howelnt. Mater. Rev.1993, vol. 38, pp. 233.

D.R. AskelandMater. Sci. Eng.1996, vol. 3, pp. 105.

G. Durrant, M. Gallerneault, and B. CantdrMater. Sci.]1996,
vol. 31, pp. 589.

F.S. Shieu, R. Raj, and S.L. Sassta Metall. Mater.1990, vol. 38,
pp. 2215.

S.K. Choi, M. Chandrasekaran, and M.J. BrahkrMater. Sci.,
1990, vol. 25, pp. 1957.

Y.C. Lu, S.L. Sass, Q. Bay, D.L. Kohlstedt, and W.W. Gerberich:
Acta Metall. Mater.1995, vol. 43, pp. 31.

A.G. Evans, F.W. Zok, and |. DavisSomp. Sci. Technol,991,
vol. 42, pp. 3.

J.T. KlompCeramic Microstructures. 307, J.A. Pask and A.G.
Evans, Plenum Publishing Co., New York, 1987.

D.J. Moore, T.N. Rouns, and K.B. RundmadnHeat Treating,
1985, vol. 4 (1), pp. 7.

M. Qian, S. Harada, L. Yanxiang, and M. DonMater. Sci. Eng. A,
1996, vol. 206, pp. 104.

J.W. Hutchinson, M.E. Mear, and J.R. RizeAppl. Mech.1987,
vol. 54, pp. 828.

J.R. Riced. Appl. Mech.1988, vol. 55, pp. 98.

P.G. Charalambides, H.C. Cao, J. Lund, and A.G. E\ash.
Mater.,1990, vol. 8, pp. 269.

M.H. Lewis and V.S.R. MurthyCompos. Sci. Technofl991,
vol. 42, pp. 211.

Volume 9(1) February-2200



