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A B S T R A C T   

Joints of high thermal contact conductance and electrical insulation have been obtained by coating copper 
supports with thin alumina (Al2O3) layers (of 140–150 μm thickness). This has been achieved by a combination 
of plasma spraying process and the subsequent coating remelting by a near-Infrared (n-IR) laser. With a proper 
optimization of the laser processing conditions, it is possible to transform the metastable γ-Al2O3 phase of the as- 
sprayed coatings to stable α-Al2O3, and to achieve denser alumina coatings. This results in a large enhancement 
of the thermal conductance of the joints, enabling their application as heat sinks at cryogenic and ambient 
temperatures. The process proposed in this work is scalable for the formation of alumina coatings on large 
metallic pieces of complex geometries.   

1. Introduction 

Many power applications require the use of heat sinks to adequately 
transfer the heat generated in the system to the cold focus, thus avoiding 
excessive temperature rise and the eventual damage of the device. The 
development of technological applications based on MgB2 and high 
temperature superconductors using cryocoolers allows operating tem-
peratures between 20 K and 77 K (boiling temperature of liquid nitrogen 
at atmospheric pressure). In these superconducting devices, such as 
magnets and the current leads feeding them, heat intercept connections 
working from room temperature down to the operating cryogenic tem-
peratures are particularly crucial for those systems cooled by conduction 
and working under high vacuum [1–3]. 

For demountable joints, heat transfer across the solid-solid interface 
is the main component of the overall thermal resistance. Thus, the 
needed optimization of bolted joints implies the achievement of low 
thermal boundary resistances. This is strongly determined by the ther-
mal and physical properties of the contact material surfaces, such as 
geometry, roughness and topography, as well as the type of materials in 
the interface (metal-metal, metal-ceramic, etc.), their bulk thermal 
conductivity, κ, and the interposition of intermediate layers (usually, 
Apiezon-N grease or indium foil for cryogenic applications) [1,4,5]. The 
thermal contact resistances of mechanical contacts between two solids 

of different materials have been studied at temperatures close and above 
room temperature and also below 4.2 K [1,4,5,6], but there are few 
results at intermediate temperatures, between 20 K and 300 K [7]. 

The metallic materials in the heat sink should be electrically insu-
lated from those carrying current. Alumina single crystal, sapphire, has 
been widely used with this aim in cryogenic applications due to its high 
thermal conductivity at low temperatures (2900 Wm− 1K− 1 at 10 K) [1]. 
However, the use of single crystals is limited to small elements, with 
typical contact areas of around 1 cm2. When larger contact areas are 
needed, low temperature epoxy resins and fiberglass-epoxy composites 
have been used [8–10], but their thermal conductivities are usually 
much lower, typically < 1 Wm− 1K− 1 below 77 K [1]. In contrast, some 
sintered ceramics such as Al2O3, AlN and BN [11], exhibit high thermal 
conductivity at ambient and cryogenic temperatures, with increasing 
values for denser ceramics with low impurity concentration [1,12]. 
However, their main drawback arises from the difficulty of machining 
and obtaining complex-shaped parts [13]. Besides, the differences in 
thermal contraction of the dissimilar materials that form the heat sink 
cause thermal stress during cooling down to cryogenic temperatures. 
This can result in a drastic decrease of the thermal conductance of the 
joint and also produce large cracks in the ceramic material [14]. The use 
of large size bulk ceramics is thus normally disregarded for this cryo-
genic application. 
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Thermal sprayed coatings on metals, which are widely used as a 
barrier to protect the metal component from abrasive or corrosive en-
vironments or high heat conditions, can also provide additional func-
tionalities [15,16]. The use of plasma-sprayed alumina coatings on a 
metallic substrate to achieve the dual function of providing electrical 
insulation together with a good thermal conductance was first proposed 
by Mackay and Muller [17] for heat sinks in electronic packaging at 
ambient temperatures. This technology may solve the above-mentioned 
problems of bulk ceramics, as it can be used to fabricate parts with no 
limitations in size and with very diverse shapes. The copper or 
aluminum substrates can be easily machined to the desired geometry for 
the application, including the holes for bolt joints, before plasma 
spraying of the ceramic coated layer. One main drawback of as-sprayed 
coatings is their high porosity, which would result in lower thermal 
conductivity as compared to corresponding high density pure ceramics. 
Moreover, the presence of the metastable phases gives rise to some 
undesired effects, as it can produce a deterioration of the dielectrical 
properties of alumina [18]. 

Laser remelting of the plasma-sprayed Al2O3 coatings can overcome 
this problem, by achieving a denser and more homogenous layer. CO2- 
laser melting of ceramic coatings (such as alumina or alumina-based 
eutectics) on pure metals or alloys has been reported by several 
groups [19–28], mainly with the aim of enhancing their mechanical 
properties. CO2 lasers are frequently used due to the much higher ab-
sorption values measured at λ= 10.6 μm in comparison with those ob-
tained at λ ≈1 μm [29,30]. The advantage of using mid-IR CO2 lasers is 
obvious, as 10.6 µm radiation absorption is nearly at the 90% level in 
Al2O3, while it is only about 3% under 1 µm irradiation at an irradiance 
level of 104 Wcm− 2 [29]. Although other ceramic materials, like those 
based on ZrO2, enable increased absorption at ca. 1 µm laser wave-
lengths, apparently because of the presence of defects associated to 
oxygen vacancies [30], Al2O3 behaves quite differently. Its absorption at 
λ≈1 μm may be more significant when in powder form, because of the 
presence of pores [31] and difficult to control in a sustained manner 
when highly densified [31,32]. The use of pulsed ns lasers enables 
improved melt stability control [31] and has thus paved the way to-
wards increased use of near-infrared (n-IR) lasers [30,33,34]. Some 
cracks in the ceramic layer can be produced during this process due to 
thermal shock caused by the rapid heating and cooling processes 
intrinsic to laser heating [34–36]. One alternative to reduce thermal 
stresses is to induce a preheating step using two lasers, for instance, a 
larger spot CO2 laser for heating the sample and a smaller spot n-IR laser 
within the preheated large spot to melt the ceramic surface [37]. A more 
industrially scalable alternative is to perform the laser treatment when 
the sample is moving at constant speed inside a furnace at high tem-
perature [38]. Laser processing conditions should be then carefully 
analyzed to overcome this unwanted effect, with the aim of minimizing 
the number, size and impact of microcracks in the final sample 
properties. 

This work aimed at enhancing thermal contact resistance of plasma- 
sprayed Al2O3 coatings on copper for their use in cryogenic and ambient 
temperature applications, by subsequently remelting of the ceramic 
layer using n-IR laser irradiation at room temperature. Laser processing 
parameters have been found to affect strongly the microscopic proper-
ties of the final coating. Optimized processing conditions are thus a key 
issue to minimize the presence of cracks and obtain a final dense ceramic 
layer. The thermal contact resistance of representative samples pro-
cessed under optimized conditions is herein reported and compared with 
the behavior of non-irradiated samples. 

2. Experimental and methods 

2.1. Plasma spraying of Al2O3 coatings on copper 

Alumina coatings were produced by atmospheric plasma spraying 
(APS). APS coatings were sprayed on copper substrates using the F4 gun 

attached to an A3000S system (automated and robotized) from Sulzer 
Metco, with argon and hydrogen employed as process gasses. The 
applied parameters of 600A intensity, 35/12 Ar/H2 l/min gas flow and 
120 mm distance were selected based on previous knowledge, as given 
in references [39–41]. 

The surface of the copper substrate was subjected to a grit blasting 
process before coating. Commercial Al2O3 powders of 10 to 20 µm 
particle size, provided by H.C. Starck were used. The alumina coating 
thickness was set around 150 μm and its surface had typical roughness 
Ra values of 5 - 7 µm (measured in representative areas of 600 μm x 400 
μm). Copper of 99.9% purity, residual-resistance ratio, RRR = 80, with 
5 mm thickness and area of 1 cm × 2 cm was used as substrate. 

2.2. Laser processing 

Al2O3 coatings were irradiated with a n-IR Ytterbium pulsed fiber 
laser (Perfect Laser, model PEDB-400B), with central wavelength 
λ = 1060–1070 nm, 1/e2 beam diameter 2rb = 65 μm, using a pulse 
repetition frequency, frep = 900 kHz, and pulse duration τp = 200 ns. 
Given a nominal average laser power, PL, each laser pulse is character-
ized by its energy, Ep (Ep = PL/ frep), its fluence, Fp (Fp = Ep/(πrb

2)) and its 
irradiance, Ip (Ip = Fp/τp). Laser processing was carried out using the 
meandering laser beam scanning (MLBS) method, where the laser beam 
follows a meander-shaped path in order to completely irradiate the 
whole substrate sample surface (see Fig. 1). Each scanned line starts and 
ends outside the sample. The combination of pulse fluence, laser beam 
scanning velocity (vL) and hatch distance between adjacent lines (ds), 
determines the total accumulated fluence, which takes into account the 
overlap between consecutive pulses in a line and between adjacent lines: 

F2D =
π r2

b

dp ds
Fp (1) 

Here, dp = vL/frep is the distance between the centers of two 
consecutive laser pulses in a line. The ratios dp/rb and ds/rb control the 
degree of overlap in both directions. Table 1 collects some representa-
tive laser processing conditions analyzed in this work. 

2.3. Microscopy characterization 

The microstructure of plasma sprayed coatings, before and after laser 
processing, was studied by field-emission scanning electron microscopy 
(FE-SEM), (MERLIN, Carl Zeiss). In general, an accelerating voltage of 3 
- 5 kV was used for surface images and 15 kV for cross-sectional views. 
Different detectors were used: secondary electrons (SE), angle-selective 

Fig. 1. Scheme of the trajectory of the center of the laser beam in a meandering 
laser beam scanning (MLBS) configuration. 
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backscattered electrons (AsB) and Inlens. The latter is a high-efficiency 
annular SE detector used to map the surface structure. The roughness of 
the coatings was measured by confocal microscopy (sensofar Plμ− 200). 
The phase composition was analyzed by X-ray diffraction (XRD) patterns 
collected at room temperature on a RIGAKU D-max /2500 X-ray 
diffractometer using Cu Kα radiation. The “JCPDS-International centre 
for Diffraction Data- 2000” database was used for phase determination. 
Rietveld analysis of XRD patterns, using the PDXL 2 commercial soft-
ware from RIGAKU, was performed to calculate the weight ratio content 
of the different phases present in the as-sprayed coating. 

2.4. Method for characterization of the joint thermal resistance 

To determine experimentally the thermal resistance of these joints at 

cryogenic temperatures, steady-state measurements [42] were per-
formed with the set-up shown in Fig. 2. The analyzed samples were 
placed between two larger copper plates, which constitute the heat 
source and heat sink, and are joined between them by two screws. The 
screws were tightened leaving a space between both copper plates at the 
edges slightly (≈0.25 mm) lower than the thickness of the sample. The 
surface contact pressure for this configuration was measured using 
pressure indicating sensor films (Prescale® from Fujifilm). Note that 
these films were not used during thermal measurements. Apiezon-N 
grease was applied over all contact surfaces (ceramic and copper) for 
thermal measurements. 

The heat sink copper plate is mechanically and thermally attached to 
the cold finger of a cryocooler. It is equipped with a thermometer (Tcold) 
and a heater (HT) that allows controlling the operating temperature of 
the joint by using a Lakeshore temperature controller. The second cop-
per plate also holds a thermometer (Thot) and another heater HS (heat 
source), which provides a prefixed constant power, P0 that can be var-
ied. Heat transfer across the joint takes place mainly by conduction. The 
convective component is residual as the sample is inside a cryostat in 
high vacuum (≈ 10− 5 hPa), and the radiation contribution has also been 
neglected because of the presence of a thermal radiation shield around 
the joint. The validity of this hypothesis will be discussed in Section 3.3. 

For each measurement run, once the whole joint is at the set tem-
perature, a constant heat power P0 is applied by the HS, which produces 
a constant heat flow rate across the joint (Q̇ = P0). Eventually, after a 
time that depends on the enthalpy and the thermal resistance of the joint 
at this temperature, the system reaches thermal equilibrium, and a 

Table 1 
Some representative laser processing parameters used to irradiate the alumina 
coating.  

Name PL(W) vL(mm/ 
s) 

ds(μm) dp(μm) Fp(J/ 
cm2) 

Ip(MW/ 
cm2) 

F2D(kJ/ 
cm2) 

LP1 27.3 80 15 0.09 0.91 4.57 2.3 
LP2 27.3 80 20 0.09 0.91 4.57 1.7 
LP3 27.3 80 25 0.09 0.91 4.57 1.4 
LP4 27.3 80 30 0.09 0.91 4.57 1.1 
LP5 27.3 100 20 0.11 0.91 4.57 1.4 
LP6 27.3 50 20 0.055 0.91 4.57 2.7 
LP7 31.5 80 20 0.09 1.06 5.27 2.0 
LP8 35.0 80 20 0.09 1.17 5.86 2.2  

Fig. 2. (a) Photographs of the set-up used for the measurement of thermal contact resistances at cryogenic temperatures (taken at two different angles). (b)-(c) 
Schematics of set-up and thermal profiles for: (b) reference copper sample; (c) copper coated with alumina. P0 is the constant heat flow rate across the joint. The 
cryocooler, heater HT and a temperature controller allows controlling the temperature Tcold. 
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constant temperature difference between Thot and Tcold is established, 
ΔTeq, which is proportional to the overall thermal resistance of the joint 
at this temperature: 

RH(T) ∼
ΔTeq

P0
[K /W] (2) 

It should be noted that the temperature difference measured between 
Tcold and T3 (also placed in the heat sink but further away from the 
sample) is negligible compared to ΔTeq. Thus, it indicates that the exact 
location of Tcold and Thot (both installed near the sample) is not critical. 
This is expected because of the high thermal conductivity of the copper 
and the much larger cross-sectional area for heat flow through the sinks, 
compared to the sample. The measured RH (or ΔTeq) value across the 
joint at each temperature is the sum of different contributions. In the 
case of the non-coated copper (reference) sample (see Fig. 2b), it is given 
by the sum of the thermal resistance of the bulk copper and the contact 
resistance at the two Cu-Cu surfaces, i.e.: 

RH,ref (T) = RH,Cu(T) + 2RH,Cu− Cu(T) ∼
(

1
P0

)

(ΔTCu + 2ΔTCu− Cu) (3) 

ΔTCu-Cu is the temperature difference between both copper surfaces 
in contact. Note that there are two nominally identical Cu-Cu contact 
surfaces, thus, we assume that similar temperature gradients are 
generated at both interfaces. ΔTCu is the temperature drop across the 
bulk copper sample, given by the thermal conductivity of the used 
copper, κCu(T), which is known, its thickness, d = 5 × 10-3 m, and the 
contact area A = 2 × 10-4 m2: 

ΔTCu ∼ P0RH,Cu with RH,Cu(T) ∼
1

κCu(T)
d
A

(4) 

Thus, using Eqs. (2)–(4), it is possible to estimate the thermal contact 
resistance between the copper surfaces as: 

RH,Cu− Cu(T) ∼
ΔTCu− Cu

P0
∼

1
2
(
RH,ref (T) − RH,Cu(T)

)
(5) 

In the case of the copper sample with alumina coating on one of their 
faces (see Fig. 2c), the total resistance across the joint RH is given by: 

RH(T) = RH,Cu− Cu(T) + RH,Cu(T) + RH,coating(T)

∼

(
1
P0

)
(
ΔTCu− Cu +ΔTCu +ΔTcoating

)
(6) 

Here, the term RH,coating has in turn three contributions: the thermal 
resistance of the interface between the copper substrate and the alumina 
coating (RH,subst-alumina), the “bulk” thermal resistance of the alumina 
layer (RH,alumina) and the contact resistance between the surfaces of the 
alumina and the copper heat sink (RH,alumina-Cu): 

RH,coating(T) =
ΔTcoating

P0
= RH,subst− alumina(T) + RH,alumina(T) + RH,alumina− Cu(T)

(7) 

Although our experimental configuration does not allow measuring 
separately each term of Eq. (7), it is possible to estimate the overall 
contribution of the alumina coating (RH,coating) to the contact resistance 
of the joint. According to Eq. (6), this value was obtained from the 
experimentally measured RH, the contact resistance RH,Cu-Cu, which was 
previously derived from the measurement of the non-coated reference 
sample; and RH,Cu, which is given by Eq. (4). The corresponding 
“equivalent” thermal contact conductance of the coating hj,coating, which 
is normalized to the contact area of the joint, is given by: 

hj,coating(T) ∼
1
A

1
RH,coating(T)

=
1
A

Po

ΔTcoating

[
Wm− 2K− 1] (8) 

Before cooling down, the thermal resistance of the joints was also 
measured at room temperature, 290 K, with the sample in vacuum. 

3. Results and discussion 

3.1. Microstructure of the laser remelted coatings 

Fig. 3 shows SEM micrographs of the surface (Fig. 3a) and cross- 
sections (Fig. 3b and 3c) of the alumina plasma sprayed coating on 
copper. The typical features of plasma-sprayed coatings are observed, 
which are inherent to this technique, where a large number of melted 
and partially-melted particles is deposited, giving rise to the observed 
microstructure and surface roughness [18]. The transversal 
cross-sections of polished samples show the boundary between the 
alumina coating and the copper substrate (light color in Fig. 3b). As 
observed in this figure, the alumina layer follows the surface topography 
of the copper substrate and is highly porous (black areas in the figure). A 
detail of the coating can be seen in Fig. 3c, showing the lamella stacking 
structure of the as-sprayed coating, and pores that range typically from 
1 μm to 10 μm. 

In order to find the optimum MLBS parameters, preliminary studies 
were carried out by irradiating the surface at different scanning veloc-
ities and laser power values, finding a range between 50 and 100 mm/s 
at PL higher than 25 W, where this is generally achieved. Thus, a more 
detailed analysis of laser processing parameter influence was performed 
by changing systematically one parameter at the time. For this purpose, 
areas of about 10 mm × 2 mm of an alumina coated copper sample were 
laser treated under different conditions. 

The hatch distance was varied from 5 to 30 μm while fixing 
PL = 27.3 W and vL = 80 mm/s. Fig. 4 shows the SEM images of four 
representative sample surfaces, which correspond to ds of 15, 20, 25 and 
30 μm. It was found that the ds value strongly affects the surface ho-
mogeneity of the processed samples. For ds = 15 μm (Fig. 4a), an uneven 
and irregular surface topography is obtained, with the presence of 
marked peaks and valleys. These irregularities are even more pro-
nounced when decreasing the hatch distance below 15 μm (not shown). 
The best results are obtained for ds = 20 μm (Fig. 4b and 4e), which 
corresponds to ds/rb = 0.615. Fig. 4e shows a detail of this surface, where 
elongated grains of alumina aligned parallel to the laser beam scan di-
rection are observed, along with some cracks in the perpendicular di-
rection. A reduced number of micropores are also observed throughout 
the sample, usually located along the transversal cracks. Surface 
topography obtained for ds = 25 μm (Fig. 4c) is similar, although with 
more cracks and pores. By increasing the hatch distance further to 30 μm 
(Fig. 4d and 4f), the melted surface becomes less uniform, with an 
increasing size and number of pores and cracks. This result indicates that 
a certain overlap between adjacent laser scan lines is required, with an 
optimum condition for ds/rb ~ 0.6 - 0.7. Note that in those cases the 
surface becomes smoother than in as-sprayed samples. The Ra measured 
in representative areas of 600 μm × 400 μm is about 4 μm. 

Next, on the basis of the best optimum laser processing conditions 
obtained in Fig. 4b, the effect of varying the scan velocity and the laser 
power was analyzed. For this purpose, samples were processed with 
fixed ds = 20 μm and PL = 27.3 W, varying the laser beam scan velocity 
between 50 mm/s and 100 mm/s. Fig. 5a and 5b show the surface 
topography of the samples processed with vL = 100 mm/s and 50 mm/s, 
respectively. It is observed that the former condition results in very 
irregular melting, identified by the presence of numerous bumps and 
holes. It must be remarked here that, even with increasing PL values, 
satisfactory results were not achieved using this vL. On the contrary, by 
decreasing vL, the surface appears more homogeneous, although some 
cracks in the direction perpendicular to the beam scan are still observed 
(see Fig. 5e). The samples processed with vL = 80 mm/s and increasing 
power values are shown in Fig. 5c and 5d, respectively. Very homoge-
neous surfaces were obtained in both cases, with the direction of laser 
scans clearly visible. Alumina crystals are larger than with the previous 
processing parameters, as observed in Fig. 5e, and cracks in the 
perpendicular direction to the beam scan extend longer than in the 
previously analyzed cases, as larger grains would facilitate the crack 

Á. Cubero et al.                                                                                                                                                                                                                                 



Materials Research Bulletin 143 (2021) 111450

5

propagation in this direction. 
The observed transverse cracks, i.e., perpendicular to the laser 

scanning direction, have similar characteristics as those reported by 
Zheng et al. [34] for Al2O3 ceramics obtained by selective laser melting 

(SLM). These have been attributed to the extremely high temperature 
gradient and to the internal stress caused by the thermal shock effect of 
laser reheating. Longitudinal cracks, which have also been observed in 
alumina SLM specimens, also appear in our study for conditions where 

Fig. 3. SEM images of alumina coated samples (as-sprayed), showing (a) the surface topography (SE); (b) and (c) are images of transversal cross-sections of polished 
samples with different magnifications and detectors: (b) AsB and (c) SE. 

Fig. 4. SEM images (SE) of alumina surfaces processed with the same PL = 27.3 W and vL = 80 mm/s values, and with different hatch values from 15 μm to 30 μm as 
indicated: (a) LP1, (b) LP2, (c) LP3, (d) LP4. The same magnification was used in the four cases under an applied voltage of 3 kV. (e) and (f) show the areas 
highlighted by a white rectangle in the corresponding (b) and (d) images, respectively, with higher magnification. The arrow in (c) marks the laser beam scan 
direction, which is the same for all micrographs. 
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unmelted zones coexist with partially melted ones (see for example 
Figs. 4a, 4d and 5a), but are scarce in samples with uniformly melted 
surfaces (LP2, LP6, LP7 and LP8, for example). When laser melting is 
very inhomogeneous (as the case shown in Fig. 5a), besides the two 
types of cracks, holes appear abundantly. 

The transversal cross-sections of some of the above samples are 

shown in Fig. 6. In general, all laser processing conditions that give 
inhomogeneous surface topographies also result in irregular cross- 
sectional views. For example, laser conditions LP1 (shown in Fig. 6a, 
corresponding surface in Fig. 4a) produces a columnar-type micro-
structure, with cracks in the direction perpendicular to the coating- 
metal boundary. These extend along the entire thickness of the 

Fig. 5. SEM images (SE) of surfaces processed with a fixed hatch value, ds = 20 μm, obtained with fixed PL = 27.3 W and varying the scanning velocity: (a) LP5, (b) 
LP6. With fixed vL and varying PL: (c) LP7, (d) LP8. The same magnification was used in the four images. (e) and (f) show the areas highlighted by a white rectangle in 
the corresponding (b) and (d) images, respectively, with higher magnification (in-lens detector). A voltage of 5 kV was used in all images. The arrow in (c) marks the 
laser beam scan direction, which is the same for all micrographs. 

Fig. 6. SEM images (backscattered electrons) of transversal cross-sections of polished samples treated with different laser processing parameters: (a) LP1; (b) LP2; (c) 
LP6; (d) LP8. The laser beam scan direction is in the direction perpendicular to the plane of the images. 
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coating. Additionally, cracks in the direction parallel to the surface are 
also observed near the surface. The corresponding cross-sections of the 
optimum surface microstructure, LP2 and LP6, previously shown in 
Figs. 4b and 5b, are shown in Fig. 6b and 6c, respectively. Both are 
characterized by a layer of dense recrystallized alumina in the upper 
part of the coating, near the surface, with a more porous layer near the 
copper. Some holes at the alumina/copper boundary, of about 20 - 30 
μm size, are observed. Particles of copper and copper oxide are present 
in the latter layer, especially in case of LP6. Finally, Fig. 6d shows an 
example of a fully remelted coating, characterized by the presence of a 
very dense and homogeneous alumina layer, although this is completely 
separated from the copper substrate. It is expected that heating of the 
metallic substrate during laser processing could help to avoid this un-
wanted effect. For this reason, samples LP2 and LP6 were selected to 
analyze their thermal behavior, and to compare with as-sprayed 
samples. 

3.2. Phase composition 

Fig. 7 shows the X-ray diffraction patterns of two alumina coated 
samples, in the cases of as-sprayed (a) and after subsequent laser 
remelting using optimized conditions (LP2) (b). In the former, the main 
phase corresponds to the metastable γ-Al2O3 phase, with the presence of 
some α-Al2O3 (corundum), β-Al2O3 and copper (substrate). The weight 
ratio content of crystalline α-Al2O3 and γ-Al2O3 phases in the as-sprayed 
coating was estimated to be 5.8(3)% and 91.3(19)%, respectively. The 
formation of metastable phases in plasma-sprayed alumina coatings has 
already been reported [18,43–45] and explained in terms of classical 
nucleation theory and the thermal history of the particles during solid-
ification [43,46]. After laser remelting under optimum conditions, only 
the phase corresponding to corundum is essentially present, with a 
marginal content of the γ-alumina phase (see Fig. 7b). 

3.3. Thermal conductance characterization 

Thermal contact conductance behavior as a function of temperature 
was characterized in four representative samples, detailed as follows. A 
non-coated Cu sample was measured as a reference, as explained in 2.4 

(Fig. 2b). Three alumina-coated Cu samples were also measured 
(Fig. 2c): one of them corresponding to the as-sprayed plasma coating, 
and the other two were subsequently processed with laser parameter 
conditions LP2 and LP6. Hereafter, these samples will be referred to as 
non-coated, as-sprayed, LP2 and LP6, respectively. Each sample was 
measured twice in order to estimate the error and to check the repro-
ducibility of the measurements. For that purpose, each sample was 
cooled down and measured at different temperatures. Afterwards, it was 
warmed up at room temperature, un-installed and installed again, and 
cooled down for another complete test run. In all cases the differences 
between two different runs were within 5–8%, without exhibiting any 
degradation in the second measurement. 

Fig. 7. XRD patterns of alumina coated samples obtained on (a) as-sprayed sample, and (b) on the sample after laser remelting with condition LP2.  

Fig. 8. Temporal evolution of difference between ΔT(t) = Thot(t) – Tcold(t) 
temperatures across the joint (see Fig. 2) for constant heat flow P0 = 0.5 W and 
2 W at set temperature 50 K. The results correspond to the non-coated Cu, as- 
sprayed alumina, and laser processed sample with conditions LP2, as indicated. 
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Fig. 8 shows the time evolution of the difference between the hot and 
cold temperatures across the joint, Thot(t) – Tcold(t), at a temperature of 
50 K, for three different samples: non-coated copper, as-sprayed and 
laser processed (LP2). In all cases, after setting the constant heat flow, 
the system reached eventually a steady state and a constant ΔTeq was 
established for each P0, which allows the estimation of RH of the whole 
joint using Eq. (2). A significant enhancement of the thermal joint is 
observed for the laser-processed alumina-coated sample, as compared to 
the as-sprayed coated sample, with a significant reduction of ΔTeq from 
3.01 K to 1.03 K, respectively, for P0 = 2 W. The value obtained under 
similar conditions for the non-coated copper sample was 0.38 K. To 
calculate the RH value of the joint at each temperature, different values 
of P0 were applied. The results corresponding to sample LP2, for the two 
different measurements runs and at different temperatures, are plotted 
in Fig. 9. A good linear fit of the data is obtained, suggesting that the 
radiation heat income does not vary significantly during each mea-
surement [7], thus supporting the above-mentioned hypothesis. 

The temperature dependence of thus derived RH values is plotted in 
Fig. 10 for the four analyzed samples. Note that thermal resistance of the 
bulk copper (RH,Cu), which was calculated by Eq. (4) and is also plotted 
for comparison purposes, does not contribute significantly to the total 
RH, as expected. The improved thermal behavior observed for the coated 
samples with subsequent laser remelting was observed for all measured 
conditions, from cryogenic to ambient temperatures. The difference 
becomes particularly marked in the range between 40 K and 77 K, where 
the RH values of the laser treated samples are about three times lower 
than those corresponding to the as-sprayed sample. The larger 
improvement in this temperature range is due to the temperature 
dependence of thermal conductivity of α-Al2O3, which presents a 
maximum at this temperature range [1]. An increase of the thermal 
conductivity of the components of the thermal joint, also results in an 
improvement of the thermal contact conductance [7]. 

Fig. 11 displays the values of the corresponding "equivalent" thermal 
contact conductance of the coating hj,coating (see Eqs. (7) and (8)). These 
were calculated from RH(T) curves using the procedure described in 
Section 2.4. These values include the contribution of the alumina 
coating layer, as well as the thermal contact resistance between the 
alumina and the (Cu) heat-sink and at the interface between the (Cu) 
substrate and the alumina, as explained above. Values of about 
0.95 × 104 and 1.55 × 104 Wm-2K-1 are obtained for the laser processed 
sample LP2 at temperatures of 40 K and 77 K, respectively. This is an 

important enhancement when comparing with as-sprayed coatings or 
other technologies. For example, Datskov et al. [2] reported heat 
transfer coefficient of about 3600 Wm-2K-1 at 77 K for a heat sink, which 
consisted in two copper plates with three layers of fiberglass tape be-
tween them and were used in conduction-cooled current leads working 
at a maximum current of 250 A. In previous work [3], our group re-
ported values of about 1800 Wm-2K-1 at 80 K for a heat sink made with 
plasma-sprayed alumina coating on aluminum, for a similar application. Fig. 9. Measured ΔTeq values (symbols) for sample LP2 as a function of the 

applied P0 and at different temperatures. Lines are best fits to Eq. (2). 

Fig. 10. Temperature dependence of the thermal resistance of the whole joint, 
RH, estimated from Eq. (2) for the four measured samples (contact area A = 2 
cm2). The contribution of RH,Cu (Eq. (4)) is also plotted for comparison. 

Fig. 11. Temperature dependence of the thermal contact conductance of the 
coating hj,coating (Eqs. (7) and (8)), for the as-sprayed alumina coatings and laser 
processed coatings with laser processing conditions LP2 and LP6. 
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The latter value was estimated from the numerically calculated total 
heat inleak into the heat sink and the measured ΔT across the whole 
joint. The obtained results in the present work by laser-processing of the 
plasma-sprayed coating imply thus a remarkable upgrade, which would 
allow higher current application (in case of current-leads) and an 
important improvement of the thermal stability of the system in all 
cases. 

The contact pressure applied during the above thermal measure-
ments was analyzed using pressure indicator films, which were placed at 
the interface between the heat sink and the coating surface of the 
sample. Fig. 12 shows the results obtained for three different samples 
(non-coated, as-sprayed, and laser-processed LP6). For each measure-
ment, which was performed at temperatures of 20–23 ◦C and relative 
humidity of 40–50%, the joint was tightened slowly and kept for two 
minutes, following the manufacturer’s instructions [47]. Two different 
pressure-range films, LW (2.5–10 MPa) and MS (10–50 MPa), were used 
subsequently for each sample. The density of magenta color corresponds 
to the applied pressure level, according to the standard chart given by 
the sensor manufacturer [47]. Fig. 12a shows the results for the refer-
ence sample, where the observed color-density saturation in the case of 
LW sensor indicates that the applied pressure is higher than 10 MPa in 
the whole contact area. MS-films display higher color densities (≈0.7, 
corresponding to ≈28 MPa) at the upper and lower parts of the images 
than at the center, which would be due to the used set-up geometry. The 
larger roughness of alumina coated samples, both as-sprayed (Fig. 12b) 
and laser-processed (Fig. 12c), produces a more inhomogeneous pres-
sure distribution, as expected. Some flatness deviations are also 
observed in both samples. Maximum pressure values are localized at 
small areas surrounded by others with lower contact pressures. The 
distribution of these regions clearly reflects the differences in the surface 
topography between both coated samples. These results would indicate 
that a further increase of hj,coating could be achieved by decreasing the 
surface roughness and the flatness-deviation of these samples. Given the 
surface roughness and contact area characteristics of as-sprayed and 

laser-processed coatings, the presence of apiezon-N at the interface 
would be preferable to “dry” contacts in these coated samples [1]. 

No appreciable damage was observed in the analyzed samples during 
thermal resistance measurements, despite the different linear contrac-
tion from room temperature to cryogenic temperatures of substrate and 
coating (ΔL/L = (L293K–LT)/L293K = 0.30% and 0.08%, for copper and 
alumina, respectively, at T = 77 K) [1,12]. To further investigate the 
effect of thermal cycling, laser-processed samples were subjected to an 
additional number (10) of fast thermal cycling tests, without observing 
coating failure. For each cycle, the sample was cooled down from room 
temperature to 77 K by rapid immersion into liquid nitrogen, followed 
by a 1-minute at 77 K and a 4-minute warm-up at room temperature. It 
should be reminded here that both copper and alumina undergo little 
thermal contraction below this temperature [1,12], which is the com-
mon behavior of most materials. 

It should also be highlighted that the hj,coating values for both 
analyzed laser-processed samples (LP2 and LP6), which were selected on 
the basis of their better microstructural characteristics, do not differ 
significantly. Particularly, the LP2 sample shows slightly higher hj,coating 
values than LP6, but with differences just above the estimated errors. 
The fact that both samples exhibit similar thermal behavior indicates 
that the range of laser parameters resulting in an enhancement of 
thermal behavior is not narrow. This provides important advantages 
from a practical point of view. Moreover, this may also indicate that the 
small differences between both samples would be likely due to the exact 
number of defects in the final samples. This suggests that a way to 
achieve further enhancement of these joints could involve heating the 
substrate (or the whole sample) during laser processing to minimize 
thermomechanical stress between the molten pool and the recrystallized 
grains. By doing so, it is expected that the number of cracks and other 
defects could be further minimized. The purpose would be to achieve 
denser coating layers (as seen in Fig. 6d), without a degradation of the 
bonding between the metal and ceramic components. This procedure, 
however, could have the risk of introducing metallic copper into the 
alumina layer, which could result in the loss (or deterioration) of its 
dielectric properties and should be avoided. This would thus require a 
complete and careful study to probe its viability for this application. 

4. Conclusions 

Laser remelting of plasma-sprayed alumina coatings on copper have 
been performed aiming at achieving electrical insulation together with a 
good thermal conductance. Laser processing was carried out with a 
meandering laser beam scanning method, using a n-IR Ytterbium pulsed 
fiber laser, emitting at a central wavelength λ = 1060–1070 nm, 1/e2 

beam diameter 2rb = 65 μm, pulse repetition frequency of 900 kHz, and 
pulse duration of 200 ns. The effect of the main laser processing pa-
rameters, including pulse fluence (Fp), laser beam scanning velocity (vL) 
and hatch distance between adjacent lines (ds) has been reported. The 
optimum microstructures were obtained for Fp ~ 0.9 J/cm2, ds ~ 20 μm 
(corresponding to ds/rb ~ 0.6) and vL between 50 and 80 mm/s. 

Thermal contact resistance of Cu/Cu-coated demountable joints as a 
function of temperature was characterized for two laser-processed 
samples, which were selected on the basis of their better microstruc-
tural characteristics. These were composed by a layer of dense recrys-
tallized alumina in the upper part of the coating, near the surface, and a 
more porous layer near the copper interface. An important improvement 
of the thermal behavior was observed for these laser treated samples 
under all conditions, from cryogenic to ambient temperatures, as 
compared to the as-sprayed samples. The observed differences became 
particularly marked in the range between 40 K and 77 K, where the 
thermal resistance RH values of the laser treated samples were about 
three times lower than those corresponding to the plasma-sprayed 
samples. Values of the "equivalent" thermal contact conductance of the 
coating hj,coating as high as 0.95 × 104 and 1.55 × 104 Wm-2K-1 at tem-
peratures of 40 K and 77 K, respectively, were obtained for the 

Fig. 12. Pressure-film images using either LW (2.5–10 MPa) or MS 
(10–50 MPa) sensors, as indicated, for different samples: (a) non-coated Cu 
sample (two nominally identical MS tests are shown for comparison); (b) as- 
sprayed alumina coating on Cu; (c) Laser-processed-alumina coating on Cu 
(LP6). The films were placed between the coating surface and the copper 
heat sink. 
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optimized laser processed sample. These values include the contribution 
of the thermal resistances of the alumina/copper and alumina/substrate 
interfaces and across the alumina coating layer itself. Further 
improvement of thermal contact conductance is expected to be possible 
by simultaneous heating of the substrate or the whole sample during the 
laser remelting process. This could further minimize the inherent defects 
in the alumina coating appearing by thermal shock during the rapid 
melting and cooling associated to laser remelting. 
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