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ABSTRACT

Multi-material structuresmake itpossible toobtain effectivesolutions toengineering

problems by combining the benefits of different materials to meet the requirements

of different working conditions. The aim of this multifunctional 420 stainless steel-

copper structure is to create a hybrid solution in which copper acts as heat-transfer

enhancer (through cooling channels) while maintaining the required mechanical

properties of the steel matrix. This work focuses on a combined engineering process

consisting of CNCmachining through holes on a 420 stainless steel surface substrate

and subsequent filling with copper by hot pressing. The influence of the copper

filling on the physical, chemical, microstructural, mechanical, and thermal proper-

ties of thismulti-material solutionwas analysed. Themachined area (5% of the total

surface area) consisted of nine holes with a diameter of approximately 1 mm. The

multi-material samples showed high densification, homogeneous microstructures,

and a well-defined and sharp interface between the two materials. The microhard-

ness values measured for the 420 stainless steel and copper were 759 and 57 HV,

respectively, and the thermal conductivity of the multi-material was % 59% higher

than the 420 stainless steel (39.74 and 16.40 W/m K, respectively).

Introduction

The rapid development of engineering applications

associated with extreme working conditions makes it

increasingly difficult to use single-material parts fab-

ricated by traditional methods [1]. Furthermore,

currently, components are required to have multi-

functional and multi-environmental adaptation char-

acteristics [1, 2]. Multi-material solutions make it

possible to obtain remarkable final properties by

combining the benefits of different materials to meet

the requirements of different working conditions
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[1, 3–5]. Multi-material structures have an important

potential for application in different fields namely:

aerospace, automotive, electronic component, nuclear,

and other industries [1, 2, 6]. Particularly, steel-copper

multi-material structures have recently been studied

due to their ability to offer unique solutions to engi-

neering problems when compared to traditionally

fabricated single-material structures [1, 2, 4]. Different

studies about steel-copper multi-material solutions

produced by different techniques have been reported

in the literature. Cunha et al. [3] developed a multi-

material consisting of 420 stainless steel-copper parts

fabricated by 3D multi-material laser powder bed

fusion to improve the heat extraction of a plastic

injection mould. Tan et al. [7] produced a maraging

steel-copper functional bimetal combining additive

and subtractive processes to study the interfacial

metallurgical bonding mechanism and the evolution

of interfacial microstructures. However, there are

some difficulties in combining steel and copper alloys,

due to their different physical and chemical properties.

In addition to the quite low solubility between Fe and

Cu and the absence of intermetallic phases in the Fe–

Cu phase diagram, there is a significant difference in

the values of the thermal expansion coefficient and

thermal conductivity between these materials, which

leads to a largedeformation and residual stresses in the

joint [3, 7–9]. In fact, 420 stainless steel is a martensitic

steel with a high chromium content (more than 11

wt.%), providing high mechanical and corrosion

properties suitable for surgical tools, razor blades,

bearings, the marine and aerospace industries, and

plastic injection moulds [10–14]. However, it presents

some limitationswhengood tribological properties are

required or in applications where thermal conductiv-

ity/heat extraction is an important issue as in plastic

injection moulds, for example [3, 15]. To solve the

problem associated with its low thermal conductivity

(% 25 W/m K), copper and its alloys are suitable can-

didates. However, it is important to mention that

although pure copper presents a high thermal con-

ductivity (% 400W/mK), it is a very ductile material,

and for this reason, its use in the production of the

mould’s core and cavity might limit its working life-

time [16, 17].

The present work focuses on the development of a

combined engineering process for the development

of a novel 420 stainless steel-copper multifunctional

surface consisting of CNC machining through holes

on a steel surface substrate and subsequent filling

with copper by hot pressing (HP). The aim is to create

a hybrid multi-material solution in which copper,

due to its excellent thermal conductivity, reinforces

heat-transfer while the steel alloy matrix ensures the

mechanical properties necessary. It is expected that

the simultaneous application of temperature and

pressure might lead to an improved metallurgical

and mechanical bond between the two materials

when compared to previous work on this system [3].

In a previous study on the manufacturing of 420

stainless steel-copper components made by laser

surface patterning of steel and subsequent filling

with copper by hot pressing [18], the authors have

shown that the thermal properties of the 420 stainless

steel were improved, with a high potential to be used

in plastic injection moulds. The novelty of the solu-

tion that is now proposed concerns the creation of

heat flow channels by machining holes in the steel

and the consequent consolidation of copper in these

holes by hot pressing. This is a simpler process that

does not require texturing the steel. However, due to

the depth of the holes, it was necessary to increase the

sintering temperature (to 1080 �C), to ensure that the

copper was in a liquid enough state to fill the holes

entirely. This may lead to a better bond between the

steel and copper as well as reduce the number of

pores at the copper grain boundary.

Materials and methods

CNC machining

Samples of 420 stainless steel (420SS), annealed at

880 �C, with a diameter of 14 mm and a thickness of

4 mm were CNC machined using Kern Microma-

chine equipment, the NC HEIDENHAIN TNC 415

controller. This machine has a high-frequency spindle

that varies between 315 and 20,000 rpm, maximum

power of 1.80 kW, and maximum torque of 0.9 N m.

Moreover, it includes an electronic crank handle

swerved, a continuous variation in frequency con-

vertor for the high-frequency spindle, and a lubri-

cating tank with a pump.

The process starts with the machining of an alu-

minium support (AW-2007 aluminium alloy) in

which the 420 stainless steel samples will be fixed

(Fig. 1). The rip was milled with a 5 mm one-edge flat

tip end mill (Fig. 1a). Subsequently, the hole for fix-

ing the 420 stainless steel samples, with a depth of
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3.9 mm, was machined using the same end mill and

machining parameters (Fig. 1b). Finally, two small

holes were made (Fig. 1c) to ensure the correct fixa-

tion (without vibration) of the samples with screws

during the machining process.

The 420 stainless steel samples were fixed to the

support shown in Fig. 1 and nine 1 mm through

holes were machined (Fig. 2). The holes were made

with a 0.8 mm ball nose end mill while applying a

feed rate of 2 mm/min and spindle speed of

20,000 rpm. This operation was carried out up to a

penetration of 5 mm to guarantee perfect machining

of the holes.

Hot pressing

After the CNC machining, copper powder (TLS

Technik, average particle size 15–45 lm and 99.9%

purity) was consolidated and sintered in the 420SS

machined holes by hot pressing. The hot pressing

was conducted using a pressure-assisted sintering

system (under a vacuum of 10–2 mbar) with a high-

frequency induction furnace (Fig. 3). The samples

were heated up to 1080 �C (melting point of the

copper), with a heating rate of 100 �C/min, a pres-

sure of 65 MPa was applied for 30 min, followed by

cooling down to room temperature. It is important to

mention that to compensate for the contraction of the

copper powder during the sintering process, not only

were the holes of the CNC machining sample com-

pletely covered with the powder before hot pressing

but the surface was also completely covered with

copper to compensate for the shrinkage of the pow-

der during the HP process. The graphite die was

placed inside the chamber, where both temperature

and pressure were increased till reaching the targeted

values and these conditions were maintained during

this stage.

After hot pressing processing, the 420SS-copper

samples were polished with silicon carbide abrasive

papers down to a 4000 mesh and ultrasonically

cleaned in an isopropyl alcohol (IPA) bath for 10 min

before their characterisation. This exposed the

machined steel surface. The commercial 420 stainless

steel sample was also included in this study as a

reference.

Characterisation techniques

The samples were analysed by scanning electron

microscopy (SEM) (Nano-SEM-FEI Nova 200 equip-

ment) with electron dispersive spectroscopy (EDS)

(EDAX-Pegasus X4M). X-ray diffraction (XRD) phase

analysis was conducted using a PANalytical X’Pert

PRO MPD equipment with Co Ka radiation. Vickers

hardness was evaluated with a microhardness tester

(DuraScan of EMCO-TEST). Twenty indentations

were made along the top surface of the multi-material

(ten in each material) under an applied load of 100 gf

and a dwell time of 20 s. Nanohardness tests were also

performed close to the 420SS-copper interface (area of

80 9 80 lm2, corresponding to 100 measurements) by

depth-sensing indentation (MicroMaterials NanoTest)

with an applied load of 3 mN.

The four-point technique (Fig. 4) was used to

assess the electrical resistivity (q) of the mono-

(commercial 420SS) and multi-material samples, with

the probes located on the 420SS surface (five mea-

surements). This technique consists on the applica-

tion of a current (I) through the specimen and

simultaneously measuring the resultant voltage (V)

produced. The electrical resistivity of the material is

then obtained using the following equation:

Figure 1 Aluminium support: a rip, b hole for fixing the 420 stainless steel samples, and c small holes to screw the 420 stainless steel

samples in position.
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q ¼ 2p� S� V

I
ð1Þ

where q is the electrical resistivity in X m, S is the

distance between the two inner contacts/probes in m,

V is the voltage in V, and I is the current in A.

The electrical resistivity was correlated to the

thermal conductivity (k) through the Wiedemann–

Franz law (Eq. 2) [19, 20]. This law is valid for

materials with relatively high thermal conductivity,

Figure 2 420 stainless steel samples machining: a aluminium support, and b machining design and strategy.

Figure 3 Schematic representation of the process used for the production of the 420 stainless steel-copper solution.
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in which the electron contribution is higher than the

phonon contribution.

k ¼ L� T

q
ð2Þ

where k is the thermal conductivity in W/m K, L is

the Lorenz number (2.44 9 10-8 W X/K2), and T is

the temperature in K. The temperature considered

was room temperature (298 K).

The rule of mixture (Eq. 3) was used to estimate the

theoretical thermal conductivity (k420SS�Cu) value of

the multi-material samples and compare it with the

experimental value obtained.

k420SS�Cu ¼ V420SS � k420SS þ VCu � kCu ð3Þ

where V is the volume in m3. Moreover, the thermal

conductivity experimental value of the 420 stainless

steel was compared with the value in the literature

[21].

Results and discussion

CNC machining

Figure 5a and b shows SEM images of the machined

420 stainless steel. Nine through holes with a mean

diameter of approximately 959.4 ± 38.6 lm were

drilled corresponding to a machined area of

approximately 5%. It is possible to state the unifor-

mity of the holes, as well as their good definition by

examining Fig. 5. Furthermore, no changes were

observed in the morphology of the areas adjacent to

the holes.

Hot pressing

The morphology of the multi-material produced is

shown in Fig. 6. It is possible to observe that the

diameter of the machined holes decreases by about

10% after the hot pressing process (final diameter of

865.7 ± 27.3 lm), due to thermal contraction during

the cooling process. The high pressure used led to the

plastic deformation of the 420 stainless steel and con-

sequently forced the copper to fill the machined holes.

This process was similar to die-casting, in which the

high pressure exerted forces the liquid phase to fill a

cavity. Moreover, the 420 stainless steel-copper multi-

material display high densification, homogeneous

microstructures, and a well-defined interface, with no

visible diffusion zone. Although an additional volume

of copper was added to compensate for the shrinkage

of the powder during the process, some porosity is

evident in the connection zone between the two

materials. It is possible to differentiate the areas of the

420 stainless steel from those of the copper in Fig. 6

since the interfaces between both materials are well

defined. At 1080 �C, the processing temperature of the

multi-material samples, copper is in the liquid phase,

while the 420 stainless steel is in the solid phase

(melting point of % 1500 �C). Therefore, sintering

occurs in the liquid phase enhancing the diffusion of

the main elements of the 420 stainless steel (C, Fe and

Cr) to the liquid copper phase and vice versa, leading

to a suitable metallurgical bonding between the two

materials.

From Fig. 6, it is also possible to observe some

microcracks and porosities along the interface of the

two materials, which can be justified by the significant

difference between the values of thermal expansion

Fig. 4 Schematic

representation of the four-point

technique apparatus used to

measure the electrical

resistivity of the samples

produced.
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coefficients presented by the two materials, the 420

stainless steel (% 9–11 lm/mK from 0 to 1000 �C) [22]
and copper (% 17–20 lm/m K from 0 to 1000 �C) [23].
Furthermore, pure copper has been reported as a

material that is hard to cast, since it is susceptible to

surface cracking, shrinkage, and internal defects [24].

Generally, multi-material samples display thermal

stresses when subjected to temperature variations, due

to the difference in the thermal expansion coefficients

of the materials that constitute them. This difference

can induce the occurrence of several defects in the

interface, namely the formation of microcracks and/or

pores, leading to a thermally imperfect interface with

lower heat conductivity [25]. It is important to note that

the interface cracks may be thermally insulative and

the bonding interface tends to be thermally perfect and

therefore, no heat flows across the crack [25]. Another

possibility for the emergence of cracks at the interface

could be related to the diffusion of copper resulting in

the embrittlement of the austenitic grain boundaries

[3, 26]. Although some defects have been reported in

studies related to this pair of materials, Joshi et al. [27]

showed that it is possible to obtain stainless steel-

copper bimetallic joints by hot pressing without evi-

dence of cracking on the interface after thermal cycling.

Figure 5 Secondary electron SEM images of the machined 420 stainless steel: a distribution of the holes drilled in the sample, and

b detail of the machined hole.

Figure 6 Surface morphology of the multi-material 420SS-Cu solution produced by CNC machining and Hot Pressing (top surface and

cross section).
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EDS analysis was performed along a line, which

included regions of steel and copper on the sample

surface (Fig. 7). The EDS mapping shows a narrow

interface region of * 2 lm wide (position

70.5–72.5 lm) between the steel alloy and copper.

This means that no significant atomic diffusion

occurred between the two materials, meaning that the

individual final properties of each material are

guaranteed.

The XRD patterns of the annealed 420SS (raw

material) and 420SS-copper samples are shown in

Fig. 8. In the same image, an optical image of the

copper microstructure, with an average grain size of

15 lm, can be seen. The raw 420 stainless steel is

formed by ferrite and chromium carbides, charac-

teristic of the annealed state. The XRD pattern of the

hot-pressed 420SS-copper sample shows two phases,

one corresponding to Cu and the other to martensite.

No carbides were detected after hot pressing. This

means that during the hot pressing the maximum

temperature reached allowed austenite to form and

the dissolution of the chromium carbides present.

During the phase of cooling down to room temper-

ature the cooling rate was fast enough to permit the

formation of martensite from the austenite phase.

Hardness

Vickers microhardness of the multi-material samples

was measured in different regions of the 420 stainless

steel and copper, all over the top surface (Fig. 9). The

420 stainless steel hardness was evaluated before

(annealed condition) and after hot pressing.

The hardness results of the annealed 420 stainless

steel (228 HV0.1) were coherent with those reported in

the literature (247 HV) [28, 29]. After the hot pressing,

Figure 7 EDS mapping of the multi-material 420 stainless steel-copper sample (top surface).

Figure 8 XRD pattern of the annealed 420SS (before hot

pressing) and 420SS-copper (after hot pressing) samples, and an

optical image of the copper microstructure.
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the hardness of the 420 stainless steel substantially

increases (759 HV0.1) due to the dissolution of the car-

bides at the high temperature, incorporation of carbon

into the austenite phase and formation of martensite

during cooling. This value is higher than the ones

reported for the same steel processed by hot pressing at

960 �C (550HV) [30] andmetal injectionmoulding (490

HV) [31]. However, the value obtained in this study is

similar to those reported for laser powder bed fusion

(750 HV) [32, 33] on the inner layers of the parts.

The maximum temperature of the fabrication pro-

cess affects the final microstructure and the corre-

sponding mechanical properties. The temperature

selected for the hot pressing (1080 �C) was 120 �C
higher than the one of the Nachum and Fleck [30]

study (960 �C). Between these two temperatures,

more carbon is incorporated in the austenite phase

and consequently, the harder the martensite is after

cooling to room temperature.

Concerning the copper region, the hardness values

obtained were similar to the ones reported in the

literature for the annealed condition (57 HV) [34], and

LPBF parts (65 HV) [35], but lower than the one

reported by Vikas et al. [36] for pure copper (89–96

HV) hot-pressed at 900 �C (180 �C lower than the

temperature applied in this work). In fact, the sam-

ples processed by Vikas et al. [36] have a substantially

smaller grain size than that observed in this work

(Fig. 8). Moreover, the values now obtained for the

copper are lower than the ones obtained for the same

material sintered by hot pressing at 890 �C [18].

Nanohardness tests were carried out with a load of

3 mN, and the hardness and reduced modulus were

calculated (Fig. 10) to assess the mechanical quality

of the steel-copper interface and to determine any

structural changes occurring in these areas.

No significant differences in the values of hardness

or reduced modulus were obtained close to the

interface, meaning that no new structural phases

were formed in this region during HP. The mean

nanohardness (H) and reduced modulus (Er) values

obtained for the 420SS and copper were 9.09 ± 0.89

GPa, 210 ± 11 GPa (420SS), and 1.22 ± 0.12 GPa,

138 ± 10 GPa (copper), respectively. The highest

values obtained for nanohardness when compared to

those obtained for microhardness may be explained

by the indentation load/size effect (ISE) [37], i.e. they

tend to increase with a decreasing indentation load.

The same result was obtained by Nachum and Fleck

[30] that observed a pronounced size effect on hard-

ness when the contact depth is reduced to the sub-

micron level. These authors reported a hardness

increase of about 100% for nanoindentation tests

when compared to the ones obtained by microin-

dentation (11 and 5.5 GPa, respectively).

Thermal behaviour

The electrical resistivity of the 420 stainless steel and

the 420 stainless steel-copper samples was measured

using the four-point technique and the thermal con-

ductivity was calculated using the Wiedemann–Franz

law (Eq. 2), assuming that heat is transported mainly

by conduction electrons [19]. However, electron heat-

transfer mechanisms are more efficient than the con-

tribution of phonons since electrons are not as scat-

tered as phonons at higher speeds. Furthermore, the

Wiedemann–Franz law considers that the heat trans-

ported by the phonons is negligible and the electrons

do not suffer inelastic scattering, so there are signifi-

cant differences between the theoretical value and the

real value measured [38]. Thus, the values obtained

must be used as a comparison between them to assess

the variations induced by the addition of copper and

not as a comparison with the theoretical or expected

values, since the same conditions were maintained

throughout all the tests performed.

Figure 11 shows the experimental electrical and the

calculated thermal conductivity of the samples pro-

duced. The electrical resistivity obtained for the 420

stainless steel (44.5 ± 2.9 lX cm) is in accordance

with the values reported in the literature (49–55 lX
cm) [39, 40]. The addition of approximately 5% of

copper resulted in a significant decrease (% 59%) in

the electrical resistivity (18.3 ± 1.7 lX cm) of the

multi-material when compared to the 420 stainless
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Figure 9 Hardness of the 420 stainless steel and copper before

and after hot pressing (HP).

J Mater Sci (2023) 58:5048–5060 5055



steel. Consequently, the thermal conductivity of the

420 stainless steel-copper (39.7 W/m K) HPed sample

is considerably higher (% 59%) than the only the

steel (16.4 W/m K), proving the effectiveness in

increasing the thermal conductivity of the HPed

sample by adding a small amount of copper.

Considering the rule of mixtures (Eq. 3), the ther-

mal conductivity of the multi-material 420 stainless

steel-copper samples is about 43.8 W/m K, assuming

theoretical values of the thermal conductivity for the

420 stainless steel and copper of 25 and 400 W/m K,

respectively [21, 41]. However, it is known that the

mixture rule is an overly simplistic model of the bond

between two materials since it does not consider

interface features or defects that can act as an obstacle

to heat conduction [42]. Therefore, the value obtained

experimentally (39.7 W/m K) is lower than the the-

oretical value (43.8 W/m K), possibly due to aspects

related to the method of measurement (sample pol-

ishing, state of probes, the contact between the

Figure 10 a SEM image of the area where the nanoindentation tests were performed, b and c EDS maps of the same area for Fe and Cu,

respectively, d nanohardness values map, and e reduced modulus map.
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sample and probe, accuracy, and reproducibility of

the system), defects on the interface between the two

materials, and also due to the fact that the rule of

mixtures is an overly simplistic model of the bond

between two materials [43]. In fact, electrons and

phonons tend to scatter when trying to cross an

interface, as the electronic and vibrational differences

between two materials influence the energy carrier

[44]. Furthermore, when phonons are being trans-

mitted there is a resistive effect at the interface (in-

terface’s resistance to thermal flow) which causes

them to be reflected or transmitted. This means that

some energy spreads out and so the increase in

thermal conductivity is not as significant [45, 46].

Moreover, it is known that the level of densification,

as well as defects at the interface (cracks and/or

pores) play a major role in the final properties of the

samples produced, particularly in the thermal prop-

erties [47]. Therefore, Hasselman and Johnson [48]

and Nan et al. [49] state that the thermal conductivity

of the interface can decrease in the presence of ther-

mal resistance at the bonding interface due to existing

pores and microcracks [25]. On the other hand, the

authors also claim that the gas trapped in the cracks

can make it thermally conductive, so it is important

to study the phenomenon of heat-transfer at the

interface zone between the two materials.

Conclusions

This study showed that it is possible to improve the

thermal properties of 420 stainless steel by a new

hybrid multifunctional surface consisting of CNC

machined holes on the 420 stainless steel substrate

that were subsequently filled with copper by means

of hot pressing. The machined area consisted of nine

through holes with a diameter of approximately

1 mm with a machined area of approximately 5%,

and the main achievements of the performed study

are the following:

• High densification, homogeneous microstruc-

tures, and a well-defined interface between steel

and copper were achieved by hot pressing.

• XRD analysis concluded that the cooling down

after HP was fast enough to transform austenite

into martensite.

• Vickers microhardness of the multi-material sam-

ples revealed values of 759 HV and 57 HV for the

420 stainless steel and the copper, respectively.

The microhardness of the HPed 420 stainless steel

was much higher than that of the raw annealed

steel due to the formation of martensite. The

nanohardness and reduced modulus values

obtained for the 420 stainless steel and copper

after HP were 9.09 GPa and 210 GPa (420SS) and

1.22 GPa and 138 GPa (copper), respectively. By

nanoindentation it was possible to conclude that

no significant differences in the values of hardness

or reduced modulus were observed close to the

420SS-Cu interface, meaning that no new struc-

tural phases were formed during HP.

• Due to the higher thermal conductivity of copper

compared to 420SS, its incorporation into the steel

was responsible for a 59% of increase in this

property (16.4 and 39.7 W/m K for the 420

stainless steel, and the 420 stainless steel-copper

multi-material, respectively).
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