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Abstract 
Additive manufacturing technologies have emerged as a promising alternative
manufacturing approach for heat sinks because they accommodate complex
finned geometries with shorter fabrication times than conventional machining. A
prototype was designed using polylactic acid (PLA), chosen for its low cost, ease of
fabrication, biodegradability and direct compatibility with desktop 3D printing. The 
thermal effectiveness of heat sinks produced by applying copper and copper-nickel 
coatings through electroplating was analysed through analytical and experimental 
fin efficiency characterisation. Six samples were tested: three copper-plated heat 
sinks at deposition currents of 0.75, 1 and 2 A, and three copper-nickel sandwich-
coated (two-layer coating; first layer copper and second layer nickel) heat sinks at
deposition currents of 0.15, 0.5 and 1 A. The copper-plated heat sink at 2 A 
produced the highest experimental efficiency of 97.96 % and the tightest analytical 
and experimental agreement, with a gap of 9.5 %. All of the copper (Cu) and 
copper-nickel (Cu-Ni) samples reached the dimensionless parameter (mLc) value
between 0.076 and 0.892, indicating the efficiency was still good and suitable for 
common use as a heat sink. The highest experimental efficiency for Cu-Ni samples 
was 87.43 %, obtained at a Ni deposition current of 0.15 A. The results show that 
excessively thick Ni plating produces a measurable reduction in heat sink fin 
effectiveness, but still gives a Cu-Ni heat sink fin effectiveness between 8 and 11. 

 
1. Introduction 

Technological progress has advanced very 
rapidly and the development of high-performance 
electronic equipment and systems is increasingly in 
demand, thus requiring efficient thermal 
management technology. Electronic components 
within devices, such as processors, power 
electronics and thermoelectric parts, generate 
significant heat during operation. If the heat 
produced is not effectively removed or minimised, 
excessive temperature may occur, resulting in 
degraded performance, shortened component life 
and the possibility of system failure [1]. Therefore, 
maintaining the operating temperature of 
electronic components within acceptable limits is 

an important issue in electronic system design [2]. 
The thermal performance of a heat sink 

depends on many factors, including material 
properties, heat sink geometry, fin configuration 
and manufacturing method. Common heat sinks 
are typically made of metals such as aluminium 
and copper (Cu) due to their high thermal 
conductivity [3,4]. These materials, in many cases, 
involve relatively high production and 
manufacturing costs, machining complexity and 
are difficult to use in additive manufacturing [5]. 
Ez-zine et al. [6] also identified the existence of the 
minimum melting temperature for optimum purity 
from recycled copper scrap. 

Additive manufacturing technologies are one of 
the alternative manufacturing approaches 
becoming more attractive. This type of 
manufacturing is a promising method for producing 
heat sinks with complex geometries and shorter 
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fabrication times for complex heat sink models. 
Polylactic acid (PLA) is one of the manufacturing 
polymer materials with low cost, ease of fabrication, 
biodegradability and compatibility with desktop 3D 
printing to make a basic design of the complex's 
model of a heat sink [7]. The model can be coated 
by electroplating to improve the thermal 
conductivity of the polymer-based heat sink model 
[8]. This method is non-disruptive and low-cost. 
Several studies have investigated the behaviour of 
heat sinks and thermal enhancement for heat sinks 
through geometric model optimisation and material 
modification [9]. The geometric model optimisation 
is also discussed by Tanujaya and Darmawan [10] 
regarding its effectiveness. Ludergnani et al. [11] 
investigated electroplating using 3D-printed parts 
made of acrylonitrile butadiene styrene. Perera et 
al. [12] also experimented with a Cu-electroplated 
polymer heat sink on Nylon 12. Gibbons et al. [13] 
also researched metal-coated 3D-printed polymer 
heat sinks using materials other than PLA. However, 
experimental investigations of the thermal 
behaviour of PLA heat sinks, manufactured by 
additive manufacturing and coated by 
electroplating, are still relatively limited. 

The current research aims to investigate the 
thermal performance of additively manufactured 
PLA heat sinks coated by electroplating with copper 
and nickel. Specifically, it aims to understand how 
electrochemical coating affects temperature 
distribution, heat transfer rate and efficiency 
under controlled experimental conditions. 
 
2. Materials and methods 

The current research investigates and evaluates 
changes in the thermal characteristics of 
electroplated PLA heat sinks. Firstly, the heat sink 
model and geometry were designed using Fusion 
360 CAD software. The shape has a flat base plate 
with a fixed size and thickness. The heat sink has a 
40 × 40 mm base with fins of 20 mm height, 2.5 
mm spacing and a thickness that decreases from 
the base to the tip, with a tip thickness of 0.6 mm 
and a mean thickness of 1.36 mm over the whole 
fin. The fins increase the surface area so the heat 
sink can cool through natural airflow. The number 
of fins was 11, as shown in Figure 1. 

The heat sink models were manufactured using 
fused deposition modelling (FDM) on a Creality K2 
Plus 3D printer with PLA. PLA filament is 
commercially available, inexpensive, can be printed 
at a low temperature, is stiff enough and shapes 
well for short thermal tests. All heat sink samples 

were printed with constant parameters: a layer 
thickness of 0.2 mm, a density of 100 %, a printing 
speed of 250 mm/s, a bed temperature of 60 °C and 
a nozzle temperature of 220 °C. After that, all of the 
heat sink samples were cooled for a few minutes on 
the printer bed to avoid their shrinkage [14]. After 
the printing process finished, the heat sinks were 
checked for quality. Visual inspection was used to 
examine the heat sink samples for defects common 
to FDM, such as warping or curling at the base/fin 
tips, stringing/wisps between fins, non-solid 
surfaces and layer shift, because surface defects 
will decrease the quality of the electroplated 
coatings. Dimensional inspection was also 
performed by measuring fin thickness, fin spacing, 
fin height and base size using a Mitutoyo 530-104 
Vernier caliper with an accuracy of 0.05 mm and 
comparing them with the CAD model. Conforming 
heat sink samples were stored for at least 24 hours 
before they were coated with graphite. 

 

 
Figure 1. Heat sink model: (a) geometry and (b) 3D-

printed PLA 

(a)

(b)
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PLA printing does not conduct electricity, so a 
conductive coating is needed. A conductive surface 
carries current for Cu electroplating. The conductive 
layer was made by brushing graphite paint evenly 
over the whole surface of the printed PLA heat 
sink. The graphite paint is used as a thin layer that 
can conduct electrons. Graphit 33 conductive 
coating spray (Kontakt Chemie, Belgium), with a 20 
µm thickness, heat resistance of 250 to 300 °C and 
surface resistivity of 1000 to 2000 Ω, was used. It 
converts the insulating PLA surface into one that 
can conduct current, and it represents the cathode 
in an electroplating cell [11]. 

Both copper (Cu) and copper-nickel (Cu-Ni) 
coatings were deposited by electroplating. Copper 
was plated for 30 hours on all samples. Nickel was 
additionally plated for 6 hours on Cu-Ni samples at 
0.5 and 1 A, and for 12 hours at 0.15 A. The used 
two-electrode cell configuration was as follows: the 
cathode, the working electrode, was the printed 
PLA heat sink coated with a graphite layer and the 
anode, the counter electrode, was a copper plate 
that served as the source of copper ions. Both the 
cathode and anode were immersed simultaneously 
in the electrolyte solution, with the electrode 
spacing held constant at 6 cm for all samples. Acid 
copper plating as an electrolyte solution for Cu 
electroplating consists of 250 g CuSO4, 60 ml of 
H2SO4 and 1 l of distilled water. A nickel sulfamate 
bath is used for Ni electroplating after the Cu 
electroplating process is finished. This solution is 
used to produce a thicker, more uniform and 
lower-stress Ni layer [15,16]. Sulfamate solution 
consists of nickel sulfamate (Ni(SO3NH2)2), nickel 
chloride (NiCl2) and boric acid (H3BO3) and 1 l of 
distilled water [17]. The current source used was a 
DC power supply. The current was varied at 0.75, 1 
and 2 A to investigate the influence of current on 
the characteristics of the electroplated copper. 
Nickel plating was carried out on the heat sink 
samples that had already been electroplated with 
copper under the optimum current of 2 A. The 
current was varied at 0.15, 0.5 and 1A for the 
electroplating of nickel. All of the samples were 
visually inspected using a microscope for all fin 
surfaces, edges and tips after electroplating to 
detect surface damage or uncoated areas. The 
thickness of the Cu and Cu-Ni deposits on the heat 
sink samples, measured using a caliper, was not 
perfectly uniform over the entire surface. However, 
the variation was very small, less than 0.1 mm, so 
the thickness was averaged and the deposits were 
assumed to be uniform across the surface. 

The thermal behaviour of heat sink samples 
was measured using a UNI-T Uti120S infrared (IR) 
thermal camera, with a temperature range of – 20 
to 400 °C. The IR camera has a measurement 
accuracy of ± 2 °C or ± 2 % and a thermal imaging 
sensitivity of less than 60 mK. To verify the IR 
camera measurements, the temperature at the fin 
base was measured simultaneously with a K-type 
thermocouple. An emissivity of 0.8 was set, since 
the Cu and Cu-Ni plated surfaces gave low 
reflectivity. Figure 2a shows the top-view 
schematic of the surface temperature 
measurements performed at predefined points 
distributed across the heat sink for both Cu and 
Cu-Ni samples. The 5 points were chosen to be 
representative of each functional region of the 
heat sink. The IR thermal camera records a full-
field thermal image in which each pixel 
corresponds to a temperature value, producing a 
very large number of temperature readings 
distributed over the entire surface. To analyse and 
compare the thermal behaviour of the samples in a 
consistent and repeatable manner, the 
 

 

  
Figure 2. Thermal measurement: (a) surface 

temperature measurement points and (b) actual test 

(a)

(b)
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temperature was therefore extracted at five 
representative points. Point C is located on the 
base, points A and B at mid-fin height and points D 
and E at the fin tip. This approach directs the 
quantitative evaluation to these specific, well-
defined locations rather than to the full 
temperature distribution. Each experimental 
condition was measured two times. 

Thermal testing was carried out to evaluate the 
thermal behaviour of electroplated heat sinks. All 
testing was conducted in similar room conditions, 
as shown in Figure 2b. This reduced the effect of 
outside factors such as changes in ambient 
temperature and airflow around the test rig. A 
TEC1-12706 Peltier module was used as the heat 
source. It was chosen because it gives a stable and 
repeatable heat output. The Peltier module was 
connected to a DC power supply and set to a 
voltage of 3.5 V with a current of 0.5 A for all 
samples. This maintained the ambient 
temperature at 28 °C for each test. 

The heat sink performance is calculated based 
on a steady-state energy balance. The input 
electrical power (Qmax) as a heat source is 
calculated from the voltage (V) and current (I) from 
the DC power supply, 

   max =Q VI , (1) 

so, at steady state, energy balance can be obtained 
from actual heat transfer (Qact), 

     act conv rad loss= + +Q Q Q Q . (2) 

In the present study, the radiative contribution 
(Qrad) was relatively small but was nevertheless not 
neglected. It was accounted for through the 
equivalent radiative heat transfer coefficient, 
expressed in its linearised form in a formulation 
analogous to Newton's law of cooling, while heat 
loss (Qloss) was minimised by good insulation and 
clean contact. 

The convective heat transfer (Qconv) is obtained 
from the convective heat transfer coefficient (h), 
the total surface area of the heat sink (At), the heat 
sink surface temperature (Ts) and the ambient 
temperature (T∞), 

    conv t s –= ( )Q hA T T∞ . (3) 

The surface temperature (Ts) in Equation (3) 
was obtained by averaging the temperature values 
recorded between the 2nd and 16th minutes of 
the test, while the ambient temperature was 28 °C. 
Furthermore, Qact is equal to Qconv, so the heat flow 
that occurs can be calculated. The total surface 

area (At) is calculated by summing the base and 
fins of the heat sink, 

    t f b= +A NA A , (4) 

where N is the number of fins, Af is the area of one 
fin and Ab is the unfinned base surface area of the 
upper plate, i.e. the portion of the base between 
the fins that is directly exposed to the cooling fluid. 

Calculation of fins requires a corrected fin 
length (Lc), which is obtained from 

  c = +
2
tL L , (5) 

where L is the fin length and t is the fin thickness. 
The fin profile area (Ap) is calculated from the 

corrected fin length (Lc) and fin thickness (t), 

    p c=A L t . (6) 

The dimensionless parameter (mLc) based on 
the fin parameter (m) and corrected fin length (Lc) 
is calculated as [18] 

   

 

1
32
2c c

p

2= hmL L
kA

 
 
 

, (7) 

where k is the thermal conductivity of the fin 
material, which influences the performance of the 
heat sink. 

The thermal conductivity values used in the 
analytical calculation in Equation (7) were taken as 
kPLA = 0.12 W/mK, kCu = 385 W/mK and kNi = 90 
W/mK. For the uncoated PLA fin, a single-layer 
model was used, with the thermal conductivity of 
PLA. For the coated fins, a multi-layer model was 
used, with the effective thermal conductivity of the 
layered fin calculated as a thickness-weighted 
average. The layer thicknesses were taken from 
the dimensional measurements. The thermal 
conductivity value entering the calculation was 
assigned sequentially for each layer of the Cu and 
Cu-Ni plated heat sink samples, based on the layer 
material, its average thickness and the thermal 
conductivity of the corresponding material. 

The analytical efficiency of an individual fin (ηf) 
is determined by Holman [19], 
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so the overall analytical efficiency (ηo) of the heat 
sink is obtained as [20], 
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The actual (experimental) heat sink efficiency 
(ηact) is defined as the ratio of the actual heat 
transfer (Qact), which is obtained from 
experiments, to the maximum possible heat 
transfer from the input electrical power (Qmax), as 

  

 

 

act
act

max
= Qη
Q

. (10) 

 
The enhancement in heat transfer performance 

obtained by adding fins to a heat sink, relative to 
the same heat sink without fins, is expressed by the 
overall fin effectiveness (ɛfin, overall), defined as [20], 
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A

, (11) 

where Ano fin is the area of the bottom base surface, 
free of fins. 
 
3. Results and discussion 

The electroplated samples were first evaluated 
by visual inspection. Cu and Ni layers were formed 
on the surface of all heat sink samples, but the 
quality of the layers varied for the tested current 
levels of 0.75, 1, and 2 A for Cu and 0.15, 0.5 and 1 
A for Ni, as shown in Figure 3. 

Figures 3a, 3b and 3c show the Cu coating 
electroplated at 2, 1 and 0.75 A. The dimensional 
measurements in Table 1 confirm that the higher 
deposition rate at 2 A produced a considerably 
thicker Cu layer compared with those deposited 
at 1 and 0.75 A. In this case, the deposited Cu 
was thick enough at the top corner of the fin tips 
to partially close the gaps between the tips of 
adjacent fins, particularly at 1 and 0.75 A, which 
narrows the airflow passage and reduces the fin 
effectiveness in releasing heat to the surrounding 
air. The coating thickness was determined from 
the change in the outer dimensions of the heat 
sink measured before and after electroplating. At 
0.75 A, the coverage of the surface with the 
coating was incomplete, i.e. some regions of the 
heat sink surface were only partly coated. Among 
the conditions tested, an electroplating current 
of 2 A, applied for 30 hours, gave the most 
balanced result and was therefore adopted as 
the optimal condition for the subsequent stage of 
Ni electroplating. 

Figures 3d, 3e and 3f show the Cu-Ni coating 
electroplated at 1, 0.5 and 0.15 A. All three 
samples were fully covered by a Ni layer, i.e. no 
uncoated patches were noticed on the heat sink 
surface. The main difference between the

 

 
Figure 3. Electroplated heat sink samples: (a) Cu-2A, (b) Cu-1A, (c) Cu-0.75A, (d) Cu-Ni-1A, (e) Cu-Ni-0.5A and (f) 

Cu-Ni-0.15A 

(a) (b) (c)

(d) (e) (f)
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Table 1. Outer dimensions and coating thickness after electroplating 

Length, mm Width, mm Height, mm 
Sample 

dimension thickness dimension thickness dimension thickness 
Cu-0.75A 41.16 1.16 40.85 0.85 21.28 1.28 
Cu-1A 41.76 1.76 41.55 1.55 21.34 1.34 
Cu-2A 42.17 2.17 41.50 1.50 21.45 1.45 

Cu-Ni-0.15A 41.50 (Cu) 
41.63 (Cu-Ni) 

1.50 (Cu) 
0.13 (Ni) 

40.52 (Cu) 
40.60 (Cu-Ni)

0.52 (Cu) 
0.08 (Ni) 

20.80 (Cu) 
20.90 (Cu-Ni) 

0.80 (Cu) 
0.10 (Ni) 

Cu-Ni-0.5A 42.15 (Cu) 
42.20 (Cu-Ni) 

2.15 (Cu) 
0.05 (Ni) 

41.10 (Cu) 
41.17 (Cu-Ni)

1.10 (Cu) 
0.07 (Ni) 

21.01 (Cu) 
21.08 (Cu-Ni) 

1.01 (Cu) 
0.07 (Ni) 

Cu-Ni-1A 42.06 (Cu) 
42.70 (Cu-Ni) 

2.06 (Cu) 
0.64 (Ni) 

40.80 (Cu) 
41.13 (Cu-Ni)

0.80 (Cu) 
0.33 (Ni) 

21.47 (Cu) 
21.56 (Cu-Ni) 

1.47 (Cu) 
0.09 (Ni) 

 
samples was the thickness of the Ni layer, which 
increased as the electroplating current 
increased. The surface morphology also differed 
with the current. The sample electroplated at 
0.15 A had the smoothest and most uniform 
surface. The sample electroplated at 0.75 A 
showed a slightly rougher surface than 0.15 A. 
The sample electroplated at 1 A showed the 
highest surface roughness, with clearly visible 
macrogeometrical imperfections. This trend is 
consistent with published studies on nickel 
electroplating, which report that lower current 
densities generally produced finer surface 
textures [15]. 

The thickness of the deposited layers was 
measured after electroplating. The outer 
dimensions (length × width × height) increased as 
the applied electroplating current increased. As 
shown in Table 1, the sample electroplated at 0.75 
A had the smallest dimensions of 41.16 × 
40.85 × 21.28 mm. The sample electroplated at 1 A 
had larger dimensions in every direction 
(41.76 × 41.55 × 21.34 mm), and the sample 
electroplated at 2 A was the largest, with the outer 
dimensions of 42.17 × 41.50 × 21.45 mm. The Cu-
Ni coatings also show a trend of larger outer 
dimensions as the current increases. 

Figure 4 shows the visual distribution of 
temperature measured with the IR thermal 
camera. The camera was placed at the same 
position for every test. The distance, angle and 
relative position were kept the same. The mean 
surface temperature and temperature distribution 
are analysed from these images [21]. These full-
field thermal images are retained as a visual 
overview, while the pointwise values (Fig. 2a) 
provide the quantitative basis for the fin efficiency 
and effectiveness calculations. 

  

  

  
Figure 4. Visual distribution of temperature during the 
testing of samples: (a) Cu-2A, (b) Cu-1A, (c) Cu-0.75A, 

(d) Cu-Ni-1A, (e) Cu-Ni-0.5A and (f) Cu-Ni-0.15A 

Figures 5a and 5b show the thermal behaviour 
of the heat sink Cu samples deposited with 0.75, 1 
and 2 A current and Cu-Ni samples deposited with 

(a) (b) 

(c) (d) 

(e) (f) 
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0.15, 0.5 and 1 A current. The mean surface 
temperature of each Cu electroplated sample was 
determined as the average of the temperature 
readings recorded at the five predefined 
measurement points A-E (Fig. 2a). As shown in the 
figure, the mean surface temperature increased 
gradually over the 16 min testing and approached 
a steady-state value during the last 4 minutes. The 
Cu-0.75A sample temperature increased from 
38.6 °C at 2 min to 43.7 °C at 16 min, with the five 
measurement points following each other closely 
and a maximum reading of 43.7 °C recorded at 10, 
12 and 16 min, indicating a uniform temperature 
distribution across the sample but yielding the 
second-highest temperature of all samples tested. 
The Cu-1A sample temperature increased from 
36.4 to 41.2 °C, which is lower and smoother than 
the Cu-0.75A sample curve, with a steady-state 
range of 40 to 41.2 °C reached from 12 min 
onwards and a similarly tight point-to-point 
spread. The Cu-2A sample temperature increased 
from 39.0 to 43.9 °C, making it the warmest of the 
three Cu electroplated samples, with a noticeably 
larger point-to-point spread, with a maximum 
reading of 43.9 °C at 16 min and 43.6 °C at 10 min, 
confirming that the high current induces a thicker 
and less uniform deposit that partially closed the 
inter-fin gaps and reduced the effective cooling 
area. Overall, the optimum electroplating current 
is 1 A rather than the highest one tested. Lower 
current at 0.75 A produces an acceptable but 
unoptimised deposit, while too-high current at 2 A 
makes the deposit so thick and uneven that it 
negatively affects the aesthetic. 

The Cu-Ni-1A sample temperature increased 
from 36.9 to 46.2 °C over the first six readings, 
followed by a decrease to 44.9 and 38.3 °C at the 
last two readings. The mean of the eight readings 
was 41.0 °C, with a peak of 46.2 °C. The 
temperature increased from 36.9 to 38.3 °C from 2 
to 16 min, which means that an increase of only 
1.4 °C occurred during the 16 min testing. This 
suggests that the sample approached a quasi-
steady-state value of approximately 38 to 39 °C 
before being affected by a localised transient at 12 
min, which increased the temperature to 46.2 °C. 
The point-to-point range of 12.9 °C is moderate and 
consistent with moderately uniform Cu-Ni deposits. 
The pattern for the Cu-Ni-0.5A sample is broadly 
similar. It starts at 33.6 °C, increases through 38.8 
to 43.0 °C, and decreases to 38.7 and 38.9 °C, then 
increases again to 46.4 and 47.0 °C. The mean of 
the eight readings was 40.9 °C, which is almost the 

same as the Cu-Ni-1A sample. The temperature 
increased from 33.6 to 40.4 °C with an increase of 
6.8 °C, and the maximum temperature of 47.0 °C is 
the second-highest single reading of the three Cu-
Ni samples. The Cu-Ni-0.5A and Cu-Ni-1A samples 
therefore have nearly identical thermal behaviour. 
The Cu-Ni-0.15A sample shows the worst thermal 
behaviour of the three Cu-Ni samples. The mean of 
the eight readings was 43.6 °C, which is 
approximately 2.6 to 2.7 °C warmer than the Cu-Ni-
0.5A and Cu-Ni-1A samples. The temperature 
increased from 37.0 to 42.7 °C with an increase of 
5.7 °C, which was the highest of all three Cu-Ni 
samples. The maximum value of 49.4 °C is the 
highest single value for all three Cu-Ni samples, and 
the data show the most erratic profile, with two 
distinct peaks of 45.4 and 48.1 °C, separated by a 
decrease to 43.4 °C and a third peak at 49.4 °C. 
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Figure 5. Thermal behaviour of samples: (a) Cu 

deposits and (b) Cu-Ni deposits 

Figure 6 shows the comparison of analytical and 
experimental efficiency, the average surface 
temperature, and the dimensionless parameter 
(mLc) of the heat sink samples electroplated with 
different materials and at different currents. The 
parameter mLc represents the balance of heat 
conduction within the fin and heat loss by 
convection from the fin surface to the surrounding 
air. It also enables the prediction and assessment 

(a)

(b)
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of fin characteristics, which helps in the 
optimisation of the overall heat sink design, 
including fin length and thickness, as well as 
material selection. Figure 6 shows that the Cu-2A 
sample has the lowest mLc of 0.076, which is 
closest to the origin and consistent with its 
analytical efficiency of 97.96 %. The analytical 
efficiency of an individual fin obtained from 
Equation (8) was calculated using the standard 
expression for a fin of uniform cross-section, while 
the dimensionless parameter mLc was obtained 
using Equation (7). The experimental efficiency 
was obtained from Equation (10), where the actual 
heat transfer was determined from the measured 
experimental data. The other samples have mLc 
values between 0.106 and 0.892, which is the 
regime of most heat sinks and is classified as a high 
efficiency of approximately 85 to 95 % [22]. Figure 
6 also shows that the relationship between 
parameter mLc and experimental efficiency is non-
monotonic and non-trivial. This means that a high 
value of mLc does not automatically imply high 
experimental heat sink efficiency and vice versa. 

The experimental efficiency formulation adopted 
in the present heat sink research follows the 
method of Tanujaya and Sukania [23], which 
expresses performance on a capacity rate basis. In 
Figure 6, the Cu-2A sample shows a small gap 
between analytical (97.96 %) and experimental 
(88.46 %) efficiency of 9.5 %. This indicates that the 
deposit quality at the 2 A current does not strongly 

affect the efficiency. The Cu-1A sample shows the 
largest efficiency gap of 16.75 % among the Cu 
electroplated samples, with analytical efficiency of 
97.23 % and experimental efficiency of 80.48 %. The 
Cu-0.75A sample has an efficiency gap of 8.73 % 
between analytical (96.12 %) and experimental 
(87.39 %) efficiency. This indicates that the sample 
has a deposit thickness too low to have an effect on 
the conduction. The Cu-Ni-1A sample shows the 
largest efficiency gap of 25.36 % among the Cu-Ni 
electroplated samples, with analytical efficiency of 
90.13 % and experimental efficiency of 64.77 %. This 
indicates that depositing a Ni coating that is too 
thick will reduce the overall thermal efficiency of 
the heat sink, as Ni has a lower thermal conductivity 
than Cu. The Cu-Ni-0.5A sample has an efficiency 
gap of 14.63 % between analytical (90.12 %) and 
experimental (75.49 %) efficiency. Ni electroplating 
with a current of 0.5 A gives a smoother deposit and 
a smaller gap between analytical and experimental 
efficiency than with a current of 1 A. Among the Cu-
Ni samples, the sample electroplated at a current of 
0.15 A showed the closest agreement between the 
analytical and experimental efficiency, with the 
smallest efficiency gap of 2.38 % among all the 
tested samples. Its analytical efficiency was 89.81 % 
and its experimental efficiency was 87.43 %. This 
indicates that the current of 0.15 A produces a Ni 
deposit so thin that the heat sink is effectively 
behaving more like the underlying Cu coating than a 
full Cu-Ni coating. 
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Figure 6. Efficiency, average surface temperature and dimensionless parameter mLc of the tested heat sink samples 
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Figure 7 shows the effectiveness of the tested 
heat sink samples. An assessment of the overall 
analytical efficiency of an unplated PLA heat sink, 
using Equation (9), indicates that the efficiency of a 
3D-printed heat sink model made of PLA can be 
enhanced to reach values between 8 and 11. 
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Figure 7. Effectiveness of the tested heat sink samples 
 
4. Conclusion 

In the present study, heat sinks manufactured 
from PLA by fused deposition modelling were 
successfully electroplated with Cu and Cu-Ni 
coatings, demonstrating a practical route for 
improving the heat-dissipation capability of 
additively manufactured polymer components. The 
layer deposited through electroplating covered the 
whole fin surface, including the fin-tip areas, with 
Cu thickness varying between 0.85 and 2.17 mm 
and Cu-Ni layers thickness between 0.52 and 2.15 
mm (Cu layer) and 0.05 to 0.64 mm (Ni layer). The 
thermal characterisation performed with an IR 
thermal camera showed that the electroplated 
heat sinks provided effective heat-transfer 
performance. The Cu heat sink samples provided 
higher efficiencies than the Cu-Ni heat sink 
samples. For the Cu heat sink samples, the 
analytical efficiency decreased from 97.96 to 
96.12 % and experimental efficiency decreased 
from 88.46 to 80.48 %, as the deposition current 
was reduced from 2 to 0.75 A. For the Cu-Ni heat 
sink samples, the highest analytical efficiency of 
90.13 % was obtained at a deposition current of 1 
A, and the highest experimental efficiency of 
87.43 % was obtained at a deposition current of 
0.15 A. Overall, the Cu heat sink samples deposited 
at a current of 2 A provided the best thermal 
performance, corresponding to the highest 
efficiency and effectiveness of 10.99. Analytically, 
this result indicates that the heat transfer of the 
3D-printed heat sink model made from PLA can be 

enhanced and can achieve an effectiveness 
between 8 and 11. 
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