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a b s t r a c t 

Conformal cooling (CC) channels are a series of cooling channels that are equidistant from the mold cav- 

ity surfaces. CC systems show great promise to substitute conventional straight-drilled cooling systems 

as the former can provide more uniform and efficient cooling effects and thus improve the production 

quality and efficiency significantly. Although the design and manufacturing of CC systems are getting 

increasing attention, a comprehensive and systematic classification, comparison, and evaluation are still 

missing. The design, manufacturing, and applications of CC channels are reviewed and evaluated system- 

atically and comprehensively in this review paper. To achieve a uniform and rapid cooling, some key 

design parameters of CC channels related to shape, size, and location of the channel have to be calcu- 

lated and chosen carefully taking into account the cooling performance, mechanical strength, and coolant 

pressure drop. CC layouts are classified into eight types. The basic type, more complex types, and hybrid 

straight-drilled-CC molds are suitable for simply-shaped parts, complex-shaped parts, and locally complex 

parts, respectively. By using CC channels, the cycle time can be reduced up to 70%, and the shape devi- 

ations can be improved significantly. Epoxy casting and laser powder bed fusion (L-PBF) show the best 

applicability to aluminum (Al)-epoxy molds and metal molds, respectively, because of the high forming 

flexibility and fidelity. Meanwhile, laser powder deposition (LPD) has an exclusive advantage to fabri- 

cate multi-materials molds although it cannot print overhang regions directly. Hybrid L-PBF/computer- 

numerical-control (CNC) milling pointed out the future direction for the fabrication of high dimensional- 

accuracy CC molds, although there is still a long way to reduce the cost and raise efficiency. CC molds 

are expected to substitute straight-drilled cooling molds in the future, as it can significantly improve part 

quality, raise production rate and reduce production cost. In addition to this, the use of CC channels can 

be expanded to some advanced products that require high-performance self-cooling, such as gas turbine 

engines, photoinjectors and gears, improving working conditions and extending lifetime. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The thermoforming process plays a key role in manufac- 

uring, where a molten or thermally softened material is in- 

ected/compressed into molds and then cooled to resolidify in the 

orm of the designed shape. Almost all the plastic products and 

ome metal products are fabricated by thermoforming processes. 

ccording to the type of forming process, thermoforming is further 

lassified into several specific methods such as injection molding, 

ie casting, and hot extrusion, all of which involve a common re- 
∗ Corresponding author. 

E-mail addresses: shaochuan.feng@rug.nl , fengshaochuan@ustb.edu.cn (S. Feng). 

n

s

t

(

ttps://doi.org/10.1016/j.ijheatmasstransfer.2021.121082 

017-9310/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article
uirement on molds, namely, their cooling ability. For instance, the 

njection molding process can be divided into four stages: filling, 

acking, cooling, and ejection [1] . In injection molding, part qual- 

ty and cycle time depend strongly on the cooling stage, because 

he cooling stage accounts for up to 80% of the total cycle time 

nd directly affects shape deviations (e.g. due to shrinkage, bend, 

nd warpage) of the resulted plastic part [ 2 , 3 ]. 

Cooling channels are mandatory in molds to force the injected 

aterials to cool down, and usually consist of a series of straight- 

rilled channels. Although they are machined easily and eco- 

omically, straight-drilled channels cannot provide optimal cooling 

ince their layouts are limited by the cavity shape (to prevent in- 

erference between the cavity and channels) and drilling process 

only straight holes can be drilled). Therefore, in a sense, straight- 
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Fig. 1. Schematic of (a) a straight-drilled cooling channel, (b) a conformal cooling 

channel and (c) cross-sectional view of cooling channels ( d – channel diameter, x –

pitch of two neighboring channels, y – offset distance from cavity surface to channel 

center) (Subfigures a and b are reprinted by permission from [4] , Copyright 2010 

KSPE and Springer). 

T

s

t

i  

d

a

t

I

a

t

e

c

i

1

s  

e

d

c

s

w

t

c

t

7

w

fi

q

fl

s

c

b

i

Nomenclature 

A surface area (m 

2 ) 

C f surface friction factor 

C p specific heat (J �Kg − 1 �K 

− 1 ) 

d cooling channel diameter (m) 

h C contact heat transfer coefficient (W �m 

− 2 �K 

− 1 ) 

k st thermal conductivity of mold (W �m 

− 1 �K 

− 1 ) 

L cooling channel length (m) 

R a surface roughness of the channel wall (m) 

Re Reynolds number 

s part thickness (m) 

T C coolant temperature (K) 

T E ejection temperature (K) 

T i initial temperature of the cavity (K) 

T M 

melt temperature (K) 

T S average temperature of tool surface (K) 

T W 

mold temperature (K) 

t C cooling time (s) 

V volume of the cavity (m 

3 ) 

x pitch of two neighboring cooling channels (m) 

y distance from cavity surface to center of cooling 

channel (m) 

�P pressure drop (Pa) 

δ distance from cavity surface to conformal cooling 

line (m, equals to y in value) 

ν viscosity (m 

2 /s) 

ρ density (kg/m 

3 ) 

Acronyms 

3D three dimensional 

AM additive manufacturing 

BEM boundary element method 

CC conformal cooling 

CFD computational fluid dynamics 

CNC computer numerical control 

DOE design of experiments 

EBM electron beam melting 

FEM finite element method 

GMAW gas metal arc welding 

L-PBF laser powder bed fusion 

LPD laser powder deposition 

Chemical symbols 

Al aluminum 

Cu copper 

rilled circular channels are dictated by manufacturing constraints 

ut may not be optimally suited for the most efficient cooling of 

he mold. 

Consider a straight-drilled channel that is meant to cool down 

 curved cavity as shown in Fig. 1 a [4] . The distance between the

traight channel and the curved surface of the cavity varies along 

he channel, inducing differential cooling rates at the cavity sur- 

ace and thus a temperature nonuniformity that consequently re- 

ults in differential shrinkage and warpage in the manufactured 

art [5] . Moreover, because the part can be ejected from the mold 

nly when the cavity temperature entirely cools down to below 

he ejection temperature, the cooling time depends on the highest- 

emperature point in the cavity as well as its local cooling rate. 

hus, in the situation shown in Fig. 1 a, the cooling time is de-

ermined by the temperature and cooling rate of the most left 

nd most right of the cavity surface (where have the longest dis- 

ance to the cooling channel) but not the middle of the cavity 

urface (where has the shortest distance to the cooling channel). 
2 
herefore, cooling efficiency is not as high as desired when using 

traight-drilled cooling molds. On the other hand, sharp turns at 

he connection of two adjacent straight-drilled channels (as shown 

n Figs. 2 a and b [6] ) impede the coolant mobility, leading to a sud-

en pressure drop that weakens the cooling capacity downstream 

nd further enhances the uneven cooling [2] . 

In most cases, the parts produced by thermoforming possess a 

hin shell, complex curved surface, and/or deep hollow features [7] . 

n such cases, differential shrinkage and warpage are more severe 

nd the cooling rates are much lower, since the deep hollow fea- 

ure tends to induce local heat accumulation [8] . This may require 

xpensive rectification of the mold to ensure the dimensional ac- 

uracy of the part [9] . To mitigate the warpage and shorten cool- 

ng times, conformal cooling (CC) channels were proposed in the 

990s. The CC channel is designed as a curved channel with a con- 

tant distance to the cavity surface, as shown in Fig. 1 b [4] . This

nsures a uniform cooling rate along the channel and shortens the 

istance between the channel and the cavity surface. The use of CC 

hannels can thus enhance the cooling performance of the mold 

ignificantly by reducing temperature differentials and the induced 

arpage [10] and increasing the cooling efficiency (reducing both 

he start-up time and cooling time) [ 11 , 12 ] considerably. In some 

ases, with proper cooling channel designs, CC channels can reduce 

he cooling time by as much as 80% [3] and the cycle time by 60–

0% [ 11 , 13 ]. 

It is thus evident that an optimal design of CC channel net- 

orks is important to produce parts quickly, reliably, and more ef- 

ciently. Some basic design rules need to be obeyed to meet re- 

uirements on cooling performance, mechanical strength, coolant 

uidity, and so on. Several pivotal design parameters such as cross- 

ectional shape, size (that specifically refers to the diameter for 

ircular channels), offset distance to the cavity surface, and pitch 

etween two adjacent channels ( Fig. 1 c), must be chosen carefully 

n light of the rules. Many methodologies and algorithms for de- 
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Fig. 2. Comparison of straight-drilled cooling channels and CC channels: straight-drilled cooling channels in cavity insert (a) and in core insert (b), and CC channels in cavity 

insert (c) and in core insert (d) (Adapted from [6] with permission from the authors). 
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igning CC channels have been proposed by researchers to enable 

he intelligent and optimal design of CC systems [14–16] , and cool- 

ng channel layouts such as spiral [17] , zigzag [18] , profiled [19] ,

nd vascularized [20] have been proposed. However, in spite of the 

rogress made in CC design, several obstacles still exist in front of 

old designers and engineers, mainly because there exists no stan- 

ard and uniform taxonomy and framework for CC system designs 

of which there exist many). 

While the design of CC channels is an important problem in 

tself, manufacturing the internal channels poses its own unique 

hallenges. Most CC network designs, optimized for cooling effi- 

iency, possess complex three-dimensional shapes (as shown in 

igs. 2 c and d [6] ) that are difficult (or impossible) to be real-

zed using conventional machining techniques such as drilling. De- 

igners thus need to turn to modern technologies such as addi- 

ive manufacturing (AM) to build molds containing CC channels. 

n the past two decades, the emergence of a variety of new metal 

M technologies (e.g. powder bed fusion, binder jetting, and di- 

ect energy deposition) has enabled the fabrication of molds with 

omplex-shaped CC channels. Although the technology readiness 

evel of AM is lower than that of conventional methods (with re- 

pect to factors such as cost, efficiency, and dimensional accuracy), 

dditively manufactured CC molds show considerable promise to 

ompete with and finally substitute straight-drilled molds due to 

he potential of long-term savings due to more efficient and uni- 

orm cooling of the mold. 
3 
Although some review papers on the design and manufactur- 

ng of CC channels exist [21–23] , a comprehensive and systematic 

lassification, comparison, and evaluation of the design methodol- 

gy and manufacturing techniques are still missing. In this review 

aper, straight-drilled cooling channels will be introduced briefly 

n Section 2 . Then, the design methods and layouts of CC channels 

ill be classified and reviewed systematically in Section 3 . Features 

nd advantages of eight types of CC channel layouts will be dis- 

ussed in detail and evaluated according to simulation and experi- 

ental results of the resulting cooling performance in the mold. In 

ection 4 , manufacturing techniques used historically and currently 

o fabricate CC molds will be discussed and compared in detail. 

inally, the applications of CC channels in plastic and metal ther- 

oforming and fabricating other advanced products will be briefly 

ummarized in Section 5 . 

. Straight-drilled cooling channels 

.1. Conventional straight-drilled cooling channels 

.1.1. Straight serial cooling channels 

Conventional straight-drilled cooling channels are the most 

idely used channel systems in molds and dies up to now. They 

re broadly classified into two types, i.e. serial and parallel, as 

hown in Fig. 3 [24] . Practically, a straight serial cooling channel 

etwork ( Fig. 3 a) is the simplest and most commonly used cooling 
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Fig. 3. Two types of conventional straight-drilled cooling channel networks: (a) 

straight serial cooling channel network and (b) straight parallel cooling channel net- 

work (Adapted from [24] ). 
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Fig. 4. The array of baffles (Reprinted by permission from [4] , Copyright 2010 KSPE 

and Springer). 

Fig. 5. Schematic of bubbler cooling (Reprinted by permission from [10] , Copyright 

2015 Elsevier). 
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hannel system wherein all the cooling channels in the system are 

onnected end to end to form a single loop with an inlet and an

utlet. 

.1.2. Straight parallel cooling channels 

A straight parallel cooling channel network ( Fig. 3 b) consists of 

 set of cooling channels that are connected to a supply manifold 

nd a collection manifold but not connected directly with each 

ther. For the straight parallel cooling channels, the coolant does 

ot flow through every channel by order and the coolant, as well 

s its flow characteristics such as flow rate and flow resistance in 

ach channel are independent of each other. Thus, compared to the 

traight serial cooling channels, the straight parallel cooling chan- 

els are more flexible in configuring the cooling rate and coolant 

emperature. For large molds and dies, more than one set of con- 

entional straight-drilled cooling channels may be employed to im- 

lement a more efficient and more uniform coolant effect. 

.2. Straight-drilled cooling channels with baffles 

Conventional straight-drilled cooling channels do not represent 

n ideal design, leaving much room for improvement towards an 

ptimal cooling system. Before the development of laser AM, baf- 

es in straight-drilled cooling channels were used as a compro- 

ise between the manufacturing ability and the efficacy of cooling 

hannels [25] . Baffles are a series of tubes installed on the straight- 

rilled channels, and their endpoints are inside the space where 

he straight cooling channels are not convenient to be drilled, such 

s the semi-enclosed convex space in a core insert shown in Fig. 2 b

the green tubes inside the core insert are the baffles). As shown 

n Section 2.1 , both two ends of a straight-drilled cooling channel 

re connected to other channels. For a baffle, only one end is con- 

ected to another channel while the other end (far-end) is not con- 

ected with any channels, with a wall inside the baffle forcing the 

oolant flow through the baffle, as shown in Fig. 4 [4] . The far-ends

f a series of baffles are equidistant from the cavity surface and 

uch closer to the cavity surface compared to the straight-drilled 
4 
hannel, so that the baffles can enhance the cooling efficiency and 

niformity. 

.3. Straight-drilled cooling channels with bubblers 

Another approach to enhance the cooling effect in straight- 

rilled cooling channels is bubblers, which are similar to baffles. A 

ubbler is a tubular cavity with a larger diameter than a straight- 

rilled cooling channel. A concentric tube is nested inside the bub- 

ler, as the inlet, supplying coolant to the innermost end of the 

ubbler. Meanwhile, a straight-drilled cooling channel is connected 

o the outermost end of the bubbler as the outlet, as shown in 

ig. 5 [10] , making it an effective way to ensure that the cooling 

hannels reach the concave areas [26] . 

. Structural design of conformal cooling channels 

.1. Physical and mathematical principles in structural design of 

onformal cooling channels 

The goals in the design and optimization of CC channels are 

o ensure uniformity in the temperature distribution, reduce the 

ooling time needed to reach the ejection temperature, and mini- 

ize shrinkage and part warpage [ 27 , 28 ]. CC is, at its core, a heat

nd mass transfer process where the coolant flows through the CC 

hannels taking away the heat from the mold cavity and cooling 

own the injected polymer. The physics of this process is described 

y the coupling of the Navier-Stokes equations and the convection- 

iffusion equation [ 29 , 30 ]. 

In injection molding, most of the heat is taken away by the 

oolant in CC channels while less than 5% of the heat losses occur 

hrough the exterior surfaces of the mold [31] . After several cycles, 

he molding process reaches a steady state in which the average 

emperature of the mold is constant. The energy balance principle 

s applicable to this heat transfer process according to which the 
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Fig. 6. A CC design window defined by the cooling channel diameter and the cool- 

ing line length (Adapted by permission from [35] , Copyright 2001 Society of Plastics 

Engineers). 
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Fig. 7. A design of a variable diameter CC channel. 

Table 1 

General recommendations for the cooling channel diameter depending 

upon cavity thickness [40] . 

Cavity thickness, s (mm) Cooling channel diameter, d (mm) 

s ≤ 2 8 ≤ d ≤ 10 

2 < s ≤ 4 10 < d ≤ 12 

4 < s ≤ 6 12 < d ≤ 14 

[

m  

i

T
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c
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(

q

p

p

u

C

t

eat transfer rate from the cavity to the tools is assumed to be 

qual to that from the tools to the coolant [32] . The cooling time

s calculated by [31] : 

 C = 

[ C p ( T M 

− T E ) ] ρ
s 
2 

x 

T w 

− T C { 

1 

2 πk st 
ln 

[ 

2 x sinh 

(
2 π y 

x 

)
πd 

] 

+ 

1 

0 . 03139 πR e 0 . 8 

} 

(1) 

here, t C , T M 

, T E , T W 

, T C , C p , ρ , s, x, y, k st , d , and Re are the cooling

ime, melt temperature, ejection temperature, mold temperature, 

oolant temperature, specific heat, density, part thickness, pitch of 

wo neighboring cooling channels, distance from cavity surface to 

enter of the cooling channel, thermal conductivity of mold, cool- 

ng channel diameter and the Reynolds number, respectively. Sim- 

larly, a simpler relationship between the average temperature of a 

ool surface and the cooling time is given by [33] : 

 S = 

T i · exp 

[ 
−
(

A h C 
ρC p V 

)
t C 

] 
− T E 

exp 

[ 
−
(

A h C 
ρC p V 

)
t C 

] 
− 1 

(2) 

here, T S , T i , A, h C , and V are the average temperature of tool sur-

ace, the initial temperature of the cavity, surface area, contact heat 

ransfer coefficient, and volume of the cavity, respectively. More 

ractically, an empirical formula to rapidly estimate the cooling 

ime according to the distance from the cavity surface to the center 

f a cooling channel was proposed as [34] : 

 C = 141 . 49 ln [ y ( mm ) ] + 733 . 03 (3) 

Some constraints and limitations should be taken into account 

hen designing a CC system, e.g. geometric constraints, manu- 

acturing constraints, coolant temperature uniformity, and coolant 

ressure drop, as shown in Fig. 6 [35] . Theoretically, decreasing the 

istance from the cavity surface to the center of a cooling chan- 

el is necessary for reducing the cooling time. However, there is a 

ower limit to this cavity-channel distance to maintain the strength 

f the wall, with the recommended values being 1 × d for steel, 

.5 × d for beryllium, and 2 × d for aluminum (Al) [36] where d is

he cooling channel diameter. Moreover, the increasing tempera- 

ure and the pressure drop of the coolant along the channel pas- 

age weaken its heat-carrying ability and cause the temperature 

onuniformity in the cavity surface. Better cooling performance 

an be achieved by using variable offset distances and/or variable 

hannel diameters ( Fig. 7 ) to compensate for this nonuniformity 
5 
 37 , 38 ]. The pitch of two neighboring cooling channels is recom- 

ended to be 3–5 times d [39] . The cooling channel diameter ( d )

s usually 8–14 mm depending on the cavity thickness, as listed in 

able 1 [40] . 

In Eq. (1) , it can be observed that the Reynolds number is in-

ersely related to the cooling time. The greater the Reynolds num- 

er (indicating a higher degree of turbulence in the coolant flow), 

he lower the average temperature in the molds [41] . Nevertheless, 

hen the Reynolds number of the turbulent coolant flow is greater 

han 10,0 0 0, the rate of pressure drop increases rapidly, but the 

ate of thermal convection increases slowly, resulting in a decrease 

f the total heat transfer rate. The Reynolds number is thus recom- 

ended to be in the range of 4,0 0 0–10,0 0 0 with 10,0 0 0 being the

ptimal value [ 32 , 42 , 43 ]. 

The pressure drop depends upon the flow conditions as follows 

 44 , 45 ]: 

P = 

L 

2 d 
ρν2 C f (4) 

here, �P, L, ν and C f are the pressure drop, cooling channel 

ength, viscosity, and surface friction factor, respectively. For lami- 

ar flow, C f is calculated by 

 f = 

16 

Re 
(5) 

The increase of surface roughness leads to the increase of con- 

act area and the enhancement of convection between the coolant 

nd channel surface [46] . When the coolant experiences turbulent 

ow, however, the surface roughness of the channel wall affects 

he pressure drop by determining C f : 

 f = 

0 . 25 

1 . 8 

2 

{
log 10 

[(
R a 

3 . 7 d 

)1 . 11 

+ 

6 . 9 

Re 

]}−2 

(6) 

here R a is the surface roughness of the channel wall. It can be 

oncluded that the rougher the wall, the larger the pressure drop, 

nd the smaller the flow rate, especially when the coolant flow is 

ompletely turbulent [ 34 , 47 ]. 

Although a higher coolant flow rate is beneficial to reduce the 

aximum and average temperatures, it also induces a higher pres- 

ure drop and thus requires a stronger coolant pumping system 

meaning a higher financial investment) [48] . Reducing the re- 

uired flow rate will not only save costs related to the coolant sup- 

ly system but will also ensure adequate cooling of the molds, es- 

ecially for multi-cavity molds. Finite element method (FEM) sim- 

lation results have shown that although the coolant flow rate in 

C channels is less than half of that for straight cooling channels, 

he cycle time achieved by the former method can be less than 
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wo-thirds of the latter because of much higher cooling efficien- 

ies [8] . 

.2. Methodology for structural design and optimization of conformal 

ooling channels 

.2.1. Experimental based design 

Design of experiments (DOE) is a convenient and well- 

stablished methodology to correlate design parameters and pro- 

ess parameters with the cooling performance of a CC system. A 

umber of DOE techniques, such as full factorial design [48] , or- 

hogonal design [49] , Taguchi method [50–52] , response surface 

ethodology [53–55] , and optimal Latin hypercube method [53] , 

ave been adopted to design and optimize CC systems. Here, the 

xperiments can be conducted either physically or numerically. In 

ddition to injection molding trials, FEM or computational fluid dy- 

amics (CFD) simulations are more economical and efficient ap- 

roaches to evaluate the cooling performance than injection mold- 

ng trials due to the high costs of money and time in mold man-

facturing although the fidelity of simulation needs to be verified. 

ased on the simulation result, a formula was proposed to calcu- 

ate the size (diameter and length) and position of spiral CC chan- 

els for injection molds of plastic cups in all dimensions with up- 

er limit of 5 mm on thickness [56] . An optimization indicator, viz. 

he ratio of product cooling rates and coolant pumping energy, was 

mployed to yield the most advantageous outcome from the view- 

oints of both cooling performance and economy. 

Combining orthogonal experiment with range analysis, Li et al. 

roposed an optimized parameter combination with a cooling 

hannel diameter of 4 mm, an offset-diameter ratio (the ratio of 

he distance of cavity wall from the center of cooling channel 

nd the cooling channel diameter) of 2.2, a cooling water tem- 

erature of 25 °C, and a surface roughness of cooling channel wall 

f 0.05 μm [49] . However, this optimized parameter combination 

as obtained from the numerical simulation results. It can be 

oted that the required wall roughness of 0.05 μm is very diffi- 

ult to achieve practically. Jahan et al. proposed an optimum design 

onfiguration in thermal-mechanical performance and provided a 

uideline chart that is visual and practical for mold designers to 

hoose design parameters by using DOE combined with a trade- 

ff technique [ 57 , 58 ]. DOE is a simple approach since it does not

eed any specialized optimization algorithms. However, a limita- 

ion is that the design parameters can only be chosen from the 

xperimental ranges and cannot be expanded to a wider range. If 

 design does not fall into the range of the experimental data, the 

uideline chart will be rendered impractical. 

.2.2. Design and optimization based on the conformal cooling line 

CC lines (or CC surfaces in 3D) are the most widely used 

pproach to design and optimize the CC channels [ 6 , 59 , 60 ]. CC

ines/surfaces are a series of curves/curved surfaces ( �3 in Fig. 8 ) 

ffset from the cavity profile ( �2 in Fig. 8 ) [61] . By using CC lines,

he procedures to design CC channels are generally divided into 

wo steps: (a) extracting the conformal loops based on the geo- 

etric contour of the part, and (b) blending these loops to gener- 

te spiral CC channels, as shown in Fig. 9 [17] . 

Some methods have been proposed to determine the arrange- 

ent of the CC channels, e.g. the offset of the channel with respect 

o the cavity and the spacing between the adjacent channels. A tri- 

ngular method was proposed based on the energy balance princi- 

les, as shown in Fig. 10 [32] . Boundary-distance maps were intro- 

uced to generate evenly distributed channels [62] . In the work of 

gazzi et al., the fluid temperature was optimized by minimizing 

n objective function related to the level and surface distribution 

f the part temperature [59] . 
6 
For a complex shaped part, a practical method is to decompose 

he complex surface into simpler sub-surfaces and design individ- 

al sub-cooling channel systems for these sub-surfaces [ 17 , 63 , 64 ],

s shown in Fig. 11 . These sub-cooling channel systems may have 

ndividual inlet and outlet or share an inlet and outlet by connect- 

ng with each other. 

.2.3. Optimization using expert algorithms 

The design approaches based on experiments and experi- 

nce are not adequate when designing molds and dies for parts 

ith more complex geometric shapes. Some automatic methods 

ave been developed to design and optimize the layout of the 

straight-drilled) cooling channels, such as configuration space (C- 

pace) method combined with heuristics genetic algorithms [65] , 

wo-stage automatic design method with a heuristic-search-based 

raph traversal algorithm [66] , boundary element method (BEM) 

9] , and two-phase evolutionary algorithm [67] . 

In light of the design principles and procedures for CC channels, 

n increasing number of research groups reported their approaches 

nd strategies of structural optimization for CC channels. In recent 

ears, the automated and intelligent implementation in the design 

nd optimization of CC channels by employing sophisticated algo- 

ithms has been gaining traction. A bottom-up approach was pro- 

osed to generate automatically cooling channel systems follow- 

ng the design procedure of preliminary design, layout design and 

etailed design [14] . Multi-objective optimization for CC channels 

s usually employed to shorten the cooling time and reduce the 

arpage [68] . Objective functions were correspondingly proposed 

o increase the cooling rate and homogenize the temperature dis- 

ribution on cavity surfaces [69] . A number of methods/algorithms 

ere developed to solve these objective functions and find their 

areto optimal frontiers [ 53 , 69 , 70 ], e.g. a conjugate gradient algo-

ithm coupled with a Lagrangian approach [69] , Voronoi diagram 

lgorithms [ 71 , 72 ], and a genetic algorithm [73] . 

Recently, gradient-based algorithms (GBA) and robust genetic 

lgorithms (RGA) were respectively combined with COMSOL Mul- 

iphysics software to optimize the geometric layout of spiral CC 

hannels [15] . The simulation result shows that both GBA and RGA 

rovided better designs as compared to conventional design with 

ignificant improvements in the cooling time, temperature unifor- 

ity, and warpage, with the RGA-optimized design proving supe- 

ior to the GBA-optimized design. 

Cycle-averaged approach and BEM were adopted to design and 

ptimize the meshy-topological CC channel systems [74] . By us- 

ng these methods, the nodes of the channel network were opti- 

ized and the topology was simplified and smoothed. For cool- 
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Fig. 9. A two-step method to generate CC channels: (a) geometric shape of a part to be injected, (b) generation of conformal loops, (c) generation of spiral curve, and (d) 

generation of the CC channel (Adapted from [17] ). 

Fig. 10. Triangular method for arranging cross-sections of cooling channels on a CC 

line ( δ is the offset of the CC line) (Reprinted by permission from [32] , Copyright 

2013 Springer-Verlag London). 

Fig. 11. A design consisting of two sub-CC channel systems (Reprinted by permis- 

sion from [64] , Copyright 2009 KSAE and Springer). 
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ng systems with a more complex topology, a Lagrange multipliers 

ethod was employed by defining a geometric parameter, svelte- 

ess (equals to external length scale divided by internal length 

cale), to minimize the local pressure drop and along-channel pres- 

ure drop [16] . Besides, a visibility technique was proposed to gen- 

rate automatically CC channels for a complex-shaped cavity sur- 

ace without requiring the engineer to have experience in the de- 

ign of conventional straight-drilled cooling channels [75] . 

.2.4. Modular/parametrical design of conformal cooling channels 

Modular and parametric design resembles a block building pro- 

ess. The CC channel system is rapidly built by locating and con- 

ecting several standard cells. The basic steps are (i) determining 
7 
he space for cooling channels, e.g. to determine the CC surface 

y offsetting the cavity surface; (ii) dividing the space into small 

nits such that each unit corresponds to a cooling cell; and (iii) 

onnecting (sub-) channels in each cell and setting coolant inlet 

nd outlet. The procedure of designing a 2D modular CC system 

s schematically illustrated in Fig. 12 [76] . The offsetting method 

77] and duality principle [76] were employed respectively as the 

ain design method and principle for modular CC channels. De- 

ails on modularly/parametrically designed CC channels will be re- 

iewed in Section 3.3.5 . 

.2.5. Solid modeling based on topology optimization 

In addition to the above methods, another approach to design 

C channels is based on topology optimization. This is typically 

sed for heterogeneous (dual-materials) modeling and lightweight 

esigns. Using this approach, the channel position problem is re- 

laced with a topology optimization problem taking into account 

ow resistance, heat conduction, and forced/natural convection 

78] . Shin proposed a heterogeneous solid modeling approach for 

C channels made of functionally graded materials [79] . In this 

odel, a weighting function was defined to specify the distribu- 

ion (volume fraction) of each material composition, with an expo- 

ent being used to control the form of the weighting function (lin- 

ar, parabolic, etc.). In the work of Huang and Fadel [80] , a two-

tep method was devised for bi-objective optimization of hetero- 

eneous cooling channels. This is a generic method for designing 

oth straight-drilled and CC channels. In the first step, a single fun- 

amental mold material was assumed, and optimal cooling chan- 

el sizes, locations, and coolant flow rates were obtained through a 

radient-based optimization method. Based on the optimal results 

rom the first step, the second step was to find sensitive areas and 

istribute both fundamental and secondary materials in these ar- 

as through a genetic algorithm. Further, the authors [80] also pro- 

osed three design rules regarding materials selection for hetero- 

eneous cooling channels: a) the difference between the thermal 

iffusivities of the two mold materials must be large enough, b) 

he fundamental mold material must be a metal or alloy with suf- 

cient strength and hardness, and c) ceramics, metal, or alloy with 

easonable strength and hardness can be selected as the secondary 

old material. 

The problem of weight minimization is solved by gradient- 

ased optimization after analytically deriving the sensitivity of the 
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Fig. 12. Procedures of designing a 2D modular CC system (Adapted by permission from [76] , Copyright 2011 Elsevier). 
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Fig. 13. Two zigzag CC system designs (Reprinted from [18] with permission from 

the authors). 

Fig. 14. Design of a meshy-topological CC channel system: (a) injected part and (b) 

layout of CC channels (Adapted by permission from [71] , Copyright 2011 Elsevier). 
oupled thermo-fluid model using the adjoint method [30] . The 

radient-based solver can also be used to solve the polynomial 

nterpolation of the homogenization properties seeking the most 

ightweight solution satisfying the constraint conditions [81] . A 2D 

onceptual model for the generation of thermal-mechanical porous 

tructures was proposed to design the lightweight CC channels for 

he purpose of reducing weight, saving material and manufactur- 

ng cost, and enhancing thermal performance [82] . In this two- 

bjective optimization model, the optimized topology optimization 

or both steady heat conduction and structural stability was calcu- 

ated by assigning them linear weight factors. This work showed 

he potential of efficiently reducing the materials between cavity 

nd coolants without significantly decreasing the performance of 

he components. The maximum volume reduction of the materials 

as expected to be as high as 60%. 

.3. Types and layouts of conformal cooling channels 

.3.1. Conformal cooling channels with basic topology 

The spiral shape is one of the simplest and most common 

asic topologies for CC channels, as shown in Fig. 9 d [17] and 

ig. 11 [64] . Besides spiral, the linear shape (zigzag type) is an- 

ther popular option for the topology of CC channels, as shown in 

ig. 13 [18] . It must be noted that as compared to the spiral type,

he zigzag shape has many sudden turns that increase the pressure 

rop, thereby slowing down the flow rate and consequently weak- 

ning the cooling efficiency [41] . According to the kind of con- 

ection between each channel, CC channels can also be classified 

nto either series or parallel types [ 28 , 48 ], similar to conventional

traight-drilled cooling channels ( Fig. 3 ). For instance, the spiral CC 

hannel system can be classified as: (i) a single spiral in series con- 

ection, (ii) double (multiple) spirals in series connection, or (iii) 

pirals in parallel connection [17] . 

.3.2. Meshy-topological conformal cooling channels 

The applicability of spiral CC channels reduces as the complex- 

ty of the geometric shape of the part increases. Compared to spiral 

C channels, meshy-topological CC channels are more suitable for 

his situation, as shown in Fig. 14 [71] . The vascularized CC sys- 

em, inspired by the design of blood vessels, is another meshy- 

opological layout [83] . This biomimetic design [16] was proposed 
8 
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Fig. 15. Vascularized CC system (Adapted from [20] with permission from the au- 

thors). 
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Fig. 16. Two instances of meshy-topological CC channel systems (Adapted by per- 

mission from [74] , Copyright 2017 Springer-Verlag London). 
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o address the hot spots in complex-shaped parts with narrow and 

eep hollow areas, such as an automotive oil filter housing, as 

hown in Fig. 15 [20] . In this design, the major artery branches into

ub-arteries, which could further divide into capillary tubes, thus 

liminating local heat accumulation and achieving uniform tem- 

erature distribution. 

The two main characteristics of meshy-topological CC channel 

ystems are the complex topology and the non-uniform diame- 

er, as shown in Fig. 16 [74] . Consequently, the flow distribution 

nd pressure drop should be paid more attention to when design- 

ng a meshy-topological CC system, since the usual design rules 

re derived for simpler topologies with uniform channel diame- 

ers and shapes. Further, corresponding to the allowable pressure 

rop, there exists a minimum channel diameter below which the 

hannel cannot be further divided into sub-branches [72] . 

.3.3. Conformal cooling channels with non-circular cross-sections 

Although circular cross-sections are the most common in the 

esign of CC channels (since traditionally drilled holes are neces- 

arily circular in shape), some attempts have also been made to de- 

elop CC channels with non-circular cross-sections such as square, 

ectangular, diamond, trapezoidal, elliptical, and other polygons 

 51 , 84–86 ]. This is increasingly viable due to the recent progress in

etal AM which does not impose any constraints on the channel 

hape. Although the stiffness of a rectangular channel is less than 

hat of its circular counterpart, the former is more efficient and 

omogeneous in cooling because its effective cooling surface area 

s larger than the latter for the same cross-sectional area [ 87 , 88 ].

he width of the main grooves ( l w 

) is recommended to be in the

ange of 10–20 mm, and the recommended values for the groove 

epth, the pitch between two neighboring groove walls, and the 

roove offset from the cavity surface are (0.3–0.4) l w 

, (1–1.5) l w 

and 

0.7–1.5) l w 

, respectively [8] . To enhance its cooling effect by enlarg- 
9 
ng the contact area, Kamarudin et al. proposed a modified design 

y adding sub-grooves to the square-shaped CC channels [89] , as 

hown in Fig. 17 . 

In addition to sub-grooves, ribbed channel designs, wherein 

ibs (inclined [90] , wavy [ 91 , 92 ], V-shaped [92] , rod array [93] ,

tc.) were designed on the inner surface of the channel (shown 

n Fig. 18 ), can also enlarge the contact area between coolant and 

hannel surface. Similarly, a design with fins in the circular or 

quare channels was proposed to further enlarge the surface area 

f CC channels (thus leveraging the potential of AM) as shown in 

igs. 19 a-d [94] . The CFD simulation result ( Figs. 19 e and f) showed

hat the heat transfer to the coolant was significantly enhanced by 

dding fins [94] . However, manufacturing this complex fin shape 

ill be a considerable challenge to AM (especially considering its 

rinting accuracy) because of the small thickness of the fins (0.2–

.6 mm). Moreover, before this proposal could be realistically im- 

lemented using AM, several practical issues need to be addressed, 

.g. how to remove the metal powder (in the case of powder bed 

usion) from the narrow and curved slit-like channels. 

To avoid shape deviation (or even collapse) at the top of the 

orizontal circular channel [95] , a self-supporting teardrop profile 

as proposed in which the upper half of the circular profile was 

odified to a “triangular roof” with two 40 °–45 ° inclines, as shown 
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Fig. 17. The cross-sectional shape of a square-shaped CC channel with sub-grooves 

(Adapted by permission from [89] , Copyright 2017 AIP Publishing). 
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n Fig. 20 [96] . Although the design modification reduced the shape 

eviation of the additively manufactured channel, this was an un- 

esired compromise since the modification was not necessarily op- 

imal from the cooling efficiency point of view but rather a con- 

ession for manufacturability. Furthermore, the teardrop shape fea- 

ures a stress concentrator at the sharp corner, reducing its fatigue 

esistance. 

Circular cooling channels can induce uneven heat dissipation 

ust by virtue of their shape; e.g., consider the situation in Fig. 21 a

here, even though the channel is conformal with the cavity sur- 

ace in the axial direction, the distance from the edges of the cir- 

ular cross-sectional profile to the cavity (namely in the radial di- 

ection) is not constant. The issue can be resolved by employing 

 profiled (semicircular) CC channel to further enhance the unifor- 

ity of heat dissipation [ 50 , 97 ]. The modified cross-sectional con- 

our consists of two parts, i.e. a half-circular part and a straight 

art, with the straight part being parallel to the cavity contour, as 
Fig. 18. Design of a rectangular channel with wavy ribs (Repri

10 
hown in Fig. 21 b. The profiled CC channel is more in line with

he concept of CC. The simulation results showed that the cooling 

ime using the profiled CC channel is shorter than using the circu- 

ar CC channel due to better thermal dissipation (in the study of 

ltaf et al., the heat flow increase and cooling time reduction were 

4.6% [97] and 22% [19] , respectively). However, the sharp corner 

t the junction of the half-circular part and the straight part may 

nduce stress concentration and crack propagation. This stress con- 

entration was found in the work of Hopkinson and Dickens, who 

abricated CC channels with star-shaped cross-sections using laser 

M [98] . From the point of view of fracture mechanics, 3D effects 

ear sharply-V-notches play an important role in crack initiation 

nd rapid propagation, finally leading to brittle failure [99–101] . 

Therefore, the profiled CC channel raises the difficulty of de- 

ign and manufacturing. It is necessary to find a balance between 

he cooling effect and the cost by further investigation. Further, 

C channels with varying cross-sections have been proposed to 

chieve more efficient and homogenous cooling. An example is 

hown in Fig. 22 where the channels are locally widened at the 

ot spots to increase heat transfer where needed [61] . 

.3.4. Conformal cooling bubbler 

A CC bubbler is a chamber in the thin wall mold that does not 

ook like a tubular channel but is essentially a CC channel with 

arying diameter and/or profiled cross-sectional shape [102] . In a 

onformal bubbler cooling mold, the wall thickness is kept con- 

tant and web or ribs are added to the mold construction in or- 

er to withstand pressure on the mold surface and to prevent its 

eflection during the plastic injection cycle, as shown in Fig. 23 

10] . This strengthening of the structures may, however, lead to 

dditional pressure drop in the coolant flow, and a tradeoff must 

e maintained between pressure drop and mechanical strength 

hrough careful calculations when designing CC bubblers. 

.3.5. Modularly/parametrically designed conformal cooling channels 

Mercado-Colmenero et al. designed a cooling cell consisting of 

ix hexagonal-distributed inlet channels and a single outlet chan- 

el to realize the CC system, as shown in Fig. 24 a [73] . Using para-

etric design methodology reduces the requirements for expertise 

nd experience of designers. This simplifies the design process of 

omplex CC channel systems and reduces the development costs 
nted by permission from [92] , Copyright 2018 Elsevier). 
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Fig. 19. Designs of fins in CC channels (a-d), and heat flux of (e) a normal circular channel and (f) a channel with fins (Adapted from [94] ). 

Fig. 20. (a) Design of self-supporting profile and (b) comparison of printed circular and self-supporting profiles (Adapted by permission from [96] , Copyright 2016 Emerald 

Publishing Limited). 

Fig. 21. (a) Circular (conformal) cooling channel and (b) profiled (conformal) cool- 

ing channel. 
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11 
nd cycles. However, due to the densely distributed channels and 

heir complex topology inside the molds, some important factors, 

uch as pressure drop, mechanical strength, and manufacturability, 

hould also be taken into consideration when conducting modu- 

ar and parametric design. Particularly, for the design of Mercado- 

olmenero et al. shown in Fig. 24 b [73] , there may be spatial inter-

erence between inlet and outlet channels in the case of complex 

art geometries. 

.3.6. Lattice/porous structure in conformal cooling channels 

Lattice structural CC channels are a special type of modularly 

nd parametrically designed CC channels. A scaffolding architec- 

ure with cubic basic cells, developed by Au and Yu, represents a 

ypical case of modular design for CC channels, as shown in Fig. 25 

 76 , 77 ]. By using the orthogonal support structures in the scaf- 

olding architecture, the volume of cooling channels is greatly ex- 

anded. The support structures strengthen the mechanical strength 

nd heighten the manufacturability of AM by reducing the span of 

he overhang regions. Further, support structures provide the pos- 

ibility of integrating numerous parallel CC channels into an in- 

erconnected layer. Therefore, these lattice cooling structures are 

ore often referred to as CC layers (as opposed to simply ‘chan- 

els’). 

Cubic lattices with orthogonal struts limit the outline of the CC 

ayer to step-like, as shown in Fig. 25 c. To make the CC layer more

onformal, a modified scaffolding layout was proposed, as shown 



S. Feng, A.M. Kamat and Y. Pei International Journal of Heat and Mass Transfer 171 (2021) 121082 

Fig. 22. A design of CC system with varying cross-sections (quarter of the part) 

(Reprinted by permission from [61] , Copyright 2012 Elsevier). 

Fig. 23. Conformal bubbler cooling in a mold core (Reprinted by permission from 

[10] , Copyright 2015 Elsevier). 
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Fig. 24. Parametric CC channels designed by Mercado-Colmenero et al.: (a) de- 

sign of a cooling cell and (b) cooling channel system combined by cooling cells 

(Reprinted by permission from [73] , Copyright 2019 Springer-Verlag London). 

Fig. 25. CC channels with scaffolding architecture: (a) basic cells of design I, (b) 

basic cells of design II, and (c) channel distribution in a mold (Subfigures a and c are 

adapted by permission from [77], Copyright 2006 Springer-Verlag London; subfigure 

b is adapted by permission from [76], Copyright 2011 Elsevier). 
n Fig. 26 . The size and shape of each unit cell were varied ac-

ording to the shape of an injection molded part, providing a more 

exible layout (occurring, however, at the cost of a complicated de- 

ign procedure) [103] . Attempts were also made to build the sup- 

ort structures in other forms, such as cross-type and N-type unit 

ells, as shown in Fig. 27 [104] . Some design principles were pro- 

osed, such as: (a) the struts are ideally over 45 ° from the hori- 

ontal and with low enough aspect ratios, (b) the overhang span 

hould be as small as possible while not impeding flow, and (c) 

he unit cells need a base level of symmetry. 

The lattices enhance the heat transfer due to increased inter- 

acial surface areas and fluid vorticity [ 104 , 105 ]. The simulation 

esults, however, indicated that only the average mold tempera- 

ure decreased to some extent by using the CC layers as com- 
12 
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Fig. 26. A modified CC layer with variable unit cells. 
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ared to circular cooling channels. There was no statistical differ- 

nce between the two CC layouts on the reduction of cooling time, 

arpage, and sink marks. At present, it seems that the costs in- 

urred in fabricating and using a CC layer are much more than 

heir benefits. Besides the pressure drop, mechanical strength can 

lso be a considerable concern. Therefore, more efforts need to be 

ade on investigating the competitiveness of CC layers. 

Another lattice structural CC channel layout, similar to the 

caffolding architecture, was proposed to minimize the weight of 

olds while satisfying the CC performance requirements [81] . This 

esign differed from its predecessors in that the cubic cells in 

he lattice structural layout had variable volume fraction (poros- 

ty) while the cubic cells in the scaffolding architecture were uni- 

ormly sized. In this design, weight reduction of 17.25% and 37% 

ere achieved for the cavity insert and core insert, respectively. 

oreover, the thermal performance was improved 30% by using 

his porosity-varied lattice structural layout as compared to the 

niform-porosity scaffolding layout [106] . 

Besides employing the lattice structure as a CC layer, a 

ightweight lattice (porous) structure was also employed to con- 

truct the main body of mold inserts (core and cavity) [ 82 , 107 ],

s shown in Fig. 28 . This was an interesting attempt because the 

uilding of CC system had developed from channel to lattice struc- 

ures. A preliminary design was proposed based on simulation re- 

ults to reduce the weights of the cavity insert and core insert by 
ig. 27. CC layer and its unit cells proposed by Brooks and Brigden: (a) overview of the C

104] , Copyright 2016 Elsevier). 

13 
0% and 50%, respectively. Though the heat conductivity and the 

tiffness reduced in such a design, it still showcased the potential 

o apply this design in injection molding. However, more investiga- 

ions will have to be conducted on detailed structural design and 

xperimental validation in the future. 

.3.7. Dual-material conformal cooling channels 

Tool steel is the most commonly used material for molds and 

ies due to its high strength and wear resistance. However, due 

o its low thermal conductivity, it is not an ideal option from 

he point of view of heat transfer efficiency. Although increasing 

he coolant flow rate could raise the cooling efficiency, this may 

e limited by the mold layout, and may lead to higher coolant 

umping costs [8] . A more feasible solution is to fabricate CC in- 

erts using materials with higher thermal conductivity such as 

opper (Cu). A simulation study showed that molds made of Cu 

r its alloys (e.g. beryllium copper) reduced the cooling time by 

5–30% as compared to molds made of tool steel [108] . How- 

ver, Cu molds may not fulfill strength requirements. The adop- 

ion of multi-material CC channels combines the advantages of 

ool steel with that of other well thermally conductive materials 

nd presents a more desirable cooling effect. In contrast to single- 

aterial molds, multi-materials molds are made of more than one 

aterial (usually two, such as tool steel/Cu [109] , although triple- 

aterial molds have also been proposed [ 110 , 111 ]). One solution to 

he dual-material mold is to sinter a steel/Cu alloy [112] ; on the 

ther hand, a more popular solution is to make the main part of 
C layer and (b) unit cells: cross (left) and N (right) (Reprinted by permission from 
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Fig. 29. A design of dual-materials CC channel made of P21/Cu graded materials 

(Reprinted by permission from [79] , Copyright 2019 KSME & Springer). 
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he mold out of tool steel and the CC channels out of Cu. By insert-

ng Cu tubes, not only the cooling efficiency but also the longevity 

f the cooling channels was increased [ 113 , 114 ]. 

To minimize the thermal stresses caused by the mismatch of 

hermal expansion coefficients, there is usually an intermediate 

ayer (referred to as ‘functionally graded material’) that smoothly 

ransitions the material properties from one to another one. Shin 

esigned CC channels made of linear-graded or parabolic-graded 

21 tool steel/Cu layers [ 79 , 115 ], as shown in Fig. 29 . A P21/Cu

raded layer was designed to join two materials, achieving a 

mooth transition in material structure (related to strength) and 

unction (thermal conductivity). FEM analysis results showed that 

he graded P21/Cu layered cooling channel exhibited faster cool- 

ng rates and similar thermal stress levels compared to the single- 

aterial (P21) cooling channel. 

Huang and Fadel designed steel/ceramic and steel/bronze het- 

rogeneous cooling channels [80] . Their FEM analysis showed 

nteresting results: for thermal-stress-resistant polymers, a sec- 

ndary mold material with high thermal diffusivity (e.g. bronze) 

as preferred for obtaining fast cooling, while a second mold ma- 

erial with very low thermal diffusivity (e.g. ceramics) was pre- 

erred for obtaining uniform cooling. This represented an innova- 

ive attempt to apply ceramics in mold fabrication. However, it 

ust be noted that laser AM for ceramics is still a challenging task 

t present. Similarly, Al insert was employed between the cavity 

nd CC channels in epoxy molds to enhance the thermal diffusiv- 

ty, achieving a cooling time reduction of approximately 66% [116] . 

.3.8. Combination of conformal cooling channels with other 

ooling/heating techniques 

Combining CC channels with other techniques is another inter- 

sting way to achieve a better cooling effect. This idea derives from 

he combination of straight-drilled cooling channels with other 

ooling/heating techniques (such as baffles or bubblers). A combi- 

ation of CC channels with heat sinks (heat thermocouples) was 

roposed to improve the cooling rate and shorten the solidifica- 

ion time for space-limited situations [ 117 , 118 ]. This is an effec-

ive but costly solution since it highly increases the complexity 

f manufacturing. A two-step manufacturing processing involving 

aser AM and conventional machining was employed to realize this 
14 
ombined mold. Therefore, it is not a preferred option for general 

ituations. 

Although CC channels were proposed as a substitution of con- 

entional straight-drilled cooling channels, some cases warrant the 

se of the two designs together. CC channels and straight-drilled 

ooling channels can be combined in two ways. The first way is 

o locally (partially) use CC channels for producing parts with lo- 

ally complex structures, while conventional straight-drilled cool- 

ng channels and/or baffles were employed for regions with rela- 

ively simple structures [ 41 , 53 ], as shown in Fig. 30 . The locally CC

hannels may have individual coolant inlet/outlet, or be (serially) 

onnected with straight-drilled cooling channels. This design was 

roposed to control the production cost of the molds. However, the 

ooling performance was also reduced compared to a full CC sys- 

em. The second way is to design a mixed full-conformal/straight- 

rilled cooling system [119] . In this design, some straight cooling 

hannels were additionally drilled on a full CC mold to further in- 

rease the cooling performance. 

In addition to being used in the cooling stage, CC channels can 

lso be used in rapid heat cycle molding (also known as dynamic 

emperature control) where the cavity is rapidly heated to a high 

emperature before plastic melt injection [ 120 , 121 ]. The rapid heat 

ycle molding technique, in which heating is implemented by the 

C/heating channels or extra electric resistance built in the molds, 

s used to improve the fluidity of molten polymer during the fill- 

ng stage, especially in the case of complex geometric cavities. 

he combination of the rapid heat cycle molding technique with 

C channels is expected to further enhance the part quality and 

horten the cycle times. 

.4. Performance evaluation of conformal cooling channels 

.4.1. Numerical simulation 

Although the heat and mass transfer taking place in CC chan- 

els can be clearly described by physical and mathematical equa- 

ions, it is a difficult challenge to solve these equations due to their 

igh complexity and nonlinearity. Numerical simulation methods 

uch as FEM [122] and CFD [123] are commonly used tools to 

btain solutions for these problems. Various commercial software 

ackages, such as Moldflow® [ 124 , 125 ], Ansys [126] and COMSOL 

ultiphysics® [127] , have been employed to conduct simulations 

n thermal [128] , mechanical [73] and fluid flow [30] analysis. In 

ome simple cases, it is reasonable to approximate the 3D heat 

ransfer problem as a 2D one because the CC channels are equidis- 

ant from the cavity surfaces [120] . For complex and critical parts, 
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Fig. 31. Simulated results comparing the performance of normal straight-drilled cooling channels, CC channels with baffles, combined straight-drilled and CC channels and 

fully CC channels: (a) time to reach ejection time and maximum temperature and (b) volumetric shrinkage, sink mark and warpage (Reprinted from [27] ). 
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 full 3D thermal stress analysis and warpage prediction are nec- 

ssary for more accurate results [8] . 

To obtain higher-fidelity simulation results, hot plate method 

nd differential scanning calorimetry were employed to respec- 

ively determine the thermal conductivity and specific heat, which 

re the two most important thermal parameters using in the sim- 

lation [129] . Maximum temperature, average temperature, tem- 

erature uniformity, cooling time (time to reach ejection temper- 

ture), pressure drop, warpage, residual stresses, and length of 

eld lines are some of the main indicators used to evaluate the 

ooling performance of a cooling channel system [ 48 , 70 , 130 ]. Al-

hough many simulations have been performed in the literature 

nder different process parameters and conditions, all of their re- 

ults pointed to similar conclusions, viz. the CC systems showed 

etter cooling performance than conventional straight-drilled cool- 

ng systems. A representative simulation result, is shown in Fig. 31 

27] , where the fully CC channel system was seen to be the most 

uitable one as compared to other cooling channel systems since 

t provided the lowest volumetric shrinkage, sink mark percent- 

ge, and time to reach the ejection temperature, resulting in near- 

niform cooling and less cooling time. Weld lines were also re- 

uced when using a CC channel system [70] . The more complex 

he core mold, the more difficult it is to cool by conventional cool- 

ng channels, and the greater the potential for cooling time re- 

uction with CC channels [131] . The efficiency of the thermal ex- 

hange in the cooling phase is particularly improved for plastic 
15 
arts with large concavities, slender details, internal turrets, and 

ousings [73] . 3D simulation results showing the average temper- 

ture of molds and time to reach ejection temperature in molding 

 complex automotive part are illustrated in Fig. 32 [41] . Both the 

verage temperature and the temperature difference can be seen 

o be significantly reduced by using CC channel systems [ 41 , 64 ].

oreover, it is more effective to apply CC channels to the convex 

ore where more heat is accumulated than the concave side [72] . 

lso, it is expected that a better cooling performance is achieved 

y combining CC channels with pulse cooling [130] . 

The cooling performance is affected by the flow behavior of 

oolant. As expected, a lower coolant temperature (indicating a 

reater temperature gradient between coolant and cavity) results 

n more heat transfer and lower warpage defects, while a lower 

oolant flow rate enhances the temperature rise at the coolant 

utlet (indicating a greater temperature gradient of coolant along 

he passage, and thus inducing uneven cooling) [132] . Further, the 

ow front of the molten plastic is mainly determined by its vis- 

osity, and the more the molten plastic is cooled down the more 

t tends to be viscous and solidifies. As compared to only one in- 

ection point, multiple injection points reduce the filling time as 

ell as the injection pressure, although not drastically [133] . How- 

ver, multiple injection points lead to weld lines between each 

ow front in addition to air bubbles, thus weakening the continu- 

ty and the strength of the molded part/material. From this aspect, 

 single injection gate arranged in the center of the mold is a pre- 
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Fig. 32. Simulated results comparing the average temperature and time to reach ejection temperature of straight-drilled cooling channels and CC channels: (a) average 

temperature, straight-drilled cooling channels, (b) average temperature, CC channels, (c) time to reach ejection temperature, straight-drilled cooling channels, and (d) time 

to reach ejection temperature, CC channels (Reprinted by permission from [41] , Copyright 2017 The Authors, Published by Elsevier). 
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erred option to obtain a proper geometry with no defects caused 

y air bubbles, weld lines, or differential shrinkage [ 133 , 134 ]. 

By comparing the CC channels with different cross-sectional 

hapes, circular, semicircular, elliptical, and rectangular, it is found 

y Shinde and Ashtankar [135] that surface area of CC channels 

s the important parameter for reduction of cooling time and im- 

rovement of part quality irrespective of cross-sectional shape. In 

he case of a constant volume of CC channels, moreover, rectangu- 

ar CC channels give better results on account of the larger surface 

rea as compared to CC channels with other cross-sectional shapes 

135] . Further, the cooling performance is affected by the channel 

onnection pattern. Numerical simulations have shown that the se- 

ies CC channels perform better than the parallel ones in reduc- 

ng average temperatures (indicating higher cooling rates) and im- 

roving temperature uniformity, especially for parts with complex 

hapes [ 42 , 48 ]. This is because the flow rate is insufficient to main-

ain the turbulence in the parallel CC channels, especially in com- 

lex channel layouts. Moreover, a combination of series and par- 

llel patterns is superior to the series pattern in cooling ability, 

lthough this may increase the complexity in design and manu- 

acturing [136] . However, in the case of an improper design of a 

C system, e.g. the presence of dead flow zones in the channels 

hich lead to increase in pressure drop and decrease in flow rate 

72] , the cooling time may not be lessened even if the surface area

nd/or volume of the CC system is/are larger than a conventional 

ooling system [ 12 , 42 , 117 ]. 

.4.2. Molding/casting experiments 

Although there exist several articles in the literature numer- 

cally evaluating the performance of CC channels, experimental 

tudies are comparatively lower due to the capital intensity re- 

uired for manufacturing injection molds in the lab. Although nu- 

erical simulations are important for qualitative validation of con- 

epts and/or predictive modeling, molding/casting experiments and 

rototyping are crucial for proof of concepts and validation. In 

ome cases, as verified by Norwood et al. in their die casting ex- 
16 
eriments, there could be a considerable difference between simu- 

ated and experimental results [12] . B ̌ehálek and Dobránsky con- 

ucted injection molding by additively manufacturing CC molds 

137] . The mold was made of maraging steel 1.2709 and fabri- 

ated by laser powder bed fusion (L-PBF), one of the laser AM ap- 

roaches that will be discussed in Section 4.5.2 . The injected mate- 

ial was polypropylene (Mosten MT 230) with good flow properties 

e.g. low viscosity) that are suitable for injecting thin-walled parts. 

rom the temperature field distribution in the injection mold, it 

as concluded that in comparison with conventional cooling sys- 

ems, the CC channels revealed a higher rate of heat removal in- 

ensity and higher temperature uniformity, as shown in Fig. 33 . 

The reduction of the cycle time strongly depends on the con- 

ormability of the cooling channels and the complexity of the part. 

or a locally CC channel system, 30% of the cycle time can be re- 

uced [41] . Meanwhile, when using a full CC channel system, the 

eduction of the cycle time can be more than 50% for parts with 

omplex shapes and structures [131] , or even be as high as 70% 
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Fig. 34. Fabricating procedures of an epoxy CC mold by epoxy casting: (a) preparing 

the master model (pattern of the molded part), (b) preparing the pattern of CC 

channels, (c) pouring Al-filled epoxy resins, (d) curing the mold and removing the 

frame, (e) removing master model, and (f) removing cooling channels (Adapted by 

permission from [142] , Copyright 2016 Springer-Verlag London). 
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or some specific cases [ 11 , 138 ]. Also, it is found that the proper

opological design could result in a higher cooling efficiency even 

f molds with a lower heat conductivity are used [20] . 

. Manufacture of conformal cooling channels 

In addition to a proper design to meet the requirement of cool- 

ng performance, there is an equally important concern pertain- 

ng to the CC channel system, namely its manufacturability [66] . 

ue to the complex 3D internal structures that are characteris- 

ic of optimal CC designs, it’s impossible to machine CC channels 

sing conventional mechanical cutting methods (subtractive man- 

facturing). Several methods have been proposed to fabricate CC 

olds since the late 1990s [139–141] . These methods can be sum- 

arized as follows: casting [142] , welding [10] , U-groove milling 

143] , laminated tooling [12] , and powder-based AM (binder jetting 

139] , laser powder bed fusion [ 144 , 145 ], laser powder deposition

146] , and electron beam melting). Moreover, surface quality and 

imensional accuracy of cooling channels affect the cooling perfor- 

ance. Thus, surface finishing [138] using mechanical methods and 

he combination of additive/subtractive manufacturing [141] were 

lso proposed to improve the surface quality and dimensional ac- 

uracy of the additively manufactured mold inserts. More details 

bout these methods are provided in the subsections below. 

.1. Casting 

.1.1. Epoxy casting 

Injection molds can be classified into two types according to 

he materials of the mold, i.e. metal mold and epoxy mold. Metal 

olds, made of tool steel and/or Cu as explained in Section 3.3.7 , 

epresent the mainstream and are usually fabricated by mechani- 

al machining and/or metal AM. On the other hand, epoxy molds 

re fabricated using epoxy casting, wherein a series of procedures 

re undertaken to produce epoxy molds, as schematically shown 

n Fig. 34 [142] . The first step is to prepare the master model (i.e.

he pattern of the molded part, which can be made of either wax 
17 
147] or other materials, such as acrylonitrile butadiene styrene, 

BS [148] ) and the wax pattern of CC channels [149] . Then, the Al-

lled epoxy resin powders are poured into an Al frame in which 

he wax pattern was pre-located by designed supports [ 150 , 151 ]. 

he support to locate and fix the patterns can be made of the same 

aterial as the mold, i.e. Al-filled epoxy, so that there is no need 

o remove the support in the following process [151] . During the 

nal curing phase, the wax pattern is melted away from the epoxy 

old, leaving behind the cavity and CC channels [ 116 , 147 ]. 

The wax pattern of CC channels is usually made using rapid- 

rototyping techniques such as 3D wax printing [ 147 , 152 ], fused 

eposition modeling [153] , or wax injection molding [154] . The 

ax filament should be prepared before 3D printing [155] . The 

s-printed wax pattern is usually subjected to post-printing pro- 

esses such as polishing (10 s immersion in 85 °C water) to ob- 

ain high surface quality, which determines the surface roughness 

f the final epoxy channels [156] . In the curing stage, both the 

poxy and wax are heated wherein the former is cured and the 

atter is melted. However, the wax pattern cannot be melted ear- 

ier than the epoxy being cured to enough strength otherwise the 

old would deviate or collapse. Therefore, the type of wax has to 

e chosen specifically to ensure the melt temperature of the wax 

ot lower than the curing temperature of the epoxy [157] . As an 

lternative to wax patterns, Kuo et al. proposed acrylonitrile buta- 

iene styrene (ABS) patterns which can be either solid or hollow 

nd removed by acetone liquid [ 148 , 158 ]. 

Metal molds are compatible with batch production due to their 

obustness, long lifetime, and mechanical strength. On the other 

and, epoxy molds (known as “soft” molds [159] ) are more suitable 

or sample trial production or small-batch (short-run) production 

ue to their weaker mechanical strength and lifetime [ 147 , 155 ]. 

he advantages of epoxy molds include high-quality channel sur- 

aces and ease of post-processing using mechanical approaches 

due to the lower mechanical strength and hardness compared to 

 tool steel mold), although the procedures of fabricating an epoxy 

old are complex and consist of many steps [154] . Moreover, pre- 

ision molds with micro features can be fabricated [160] . However, 

he cooling time is much longer compared to metallic tools due to 

he poorer thermal conductivity of epoxy, despite the presence of 

l particles [ 116 , 142 ]. 

.1.2. Metal casting 

Metal casting [161] and spray forming [162] are two other pro- 

esses to fabricate metallic molds with CC channels. The removal 

f the master model and/or patterns of CC channels can be accom- 

lished in two ways: (a) using acetone liquid and pressurized wa- 

er to remove sand-filled epoxy master and patterns (metal cast- 

ng) [161] , or (b) heating up to melt away the patterns made of 

ow-melting-temperature metal such as Cu (spray forming) [162] . 

y using these improved fabrication methods, both the mechanical 

trength and lifetime of the mold can be improved as compared to 

hat of the Al-filled epoxy mold. 

.2. Milled groove method 

The milled groove method is a practical approach to fabricate 

C channels as an alternative to laser AM [ 163 , 164 ]. In this method,

he designed mold insert (cavity, core or both, depending on where 

he milled-groove is designed) is divided into two halves so that 

ne half is used to mill grooves and the other half is used to 

over (seal) the grooves. The grooves are usually milled on the 

ide closed to the cavity surface (i.e. the half with cavity surfaces) 

o improve the cooling effect, as shown in Fig. 35 [87] . The two

alves can be joined by bolts [165] or vacuum diffusion bond- 

ng [166] . For bolted conjunction, sealing is an important concern 

o prevent coolant leakage, requiring the use of sealants, gaskets, 



S. Feng, A.M. Kamat and Y. Pei International Journal of Heat and Mass Transfer 171 (2021) 121082 

Fig. 35. Design of a CC mold with milling-grooved channels (Reprinted by permis- 

sion from [87] , Copyright 2015 Wiley Periodicals, Inc.). 

Fig. 36. Another design of milling-grooved CC mold proposed by Hughes (Reprinted 

from [167] ). 
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Fig. 37. Stair-stepping channel surface after laminated tooling (Reprinted by per- 

mission from [173] , Copyright 2007 Emerald Publishing Limited). 

Fig. 38. Schematic of manufacturing equipment for GMAW deposition (Reprinted 

by permission from [10] , Copyright 2015 Elsevier). 
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nd O-rings between the halves, in ejector pinholes, and screw 

oles, and surrounding the milled grooves [ 8 , 87 , 165 ]. For vacuum

iffusion bonding, additional sealing is not needed. However, this 

ethod is costly in spite of being effective. An innovative approach 

o fabricate milling-grooved CC molds was proposed by Hughes 

herein the grooves are milled directly on the cavity surface and 

hen sealed by welding, as shown in Fig. 36 [167] . 

In the milled groove method, the cross-sectional shape depends 

n the shape of the milling tool used, e.g. square, rectangular, or 

-shaped [165] . Some non-conventional machining methods, such 

s electrical discharge machining, serve as auxiliary processes for 

achining corners or other intricate geometries that are difficult 

or milling [8] . 

.3. Laminated tooling 

Laminated tooling is a layer-by-layer manufacturing process and 

ssentially a non-powder AM approach employed to fabricate in- 

ection molds and dies [12] . In laminated tooling of injection molds 

nd dies, the geometry design of a mold/die is firstly sliced into 

ayers. The thickness of the layers (usually several millimeters) 

s determined by the tradeoff between dimensional accuracy and 

rocessing costs [ 168 , 169 ]. Thus, the layer thickness of laminated 

ooling is much larger than that of powder-based AM (usually tens 

o hundreds of microns), so that it is more applicable to fabri- 

ate larger CC molds [170] . After the slicing, the laminates are cut 

y laser cutting [ 12 , 171 ] or abrasive waterjet [170] according to

he sliced profile. Finally, the laminates are bonded and sealed to 

omplete the CC mold. There are several ways to bond the lam- 

nates, the most popular being to braze the laminates. For tool 

teel, nickel alloy is the preferred choice as the filler metal due to 

ts appropriate melting temperature and machinability. To ensure 

 good bond between the laminates, the laminates are required 

o be processed to remove burrs, oxide layers and grease before 
18 
razing [12] . Bolting is another way that can bond the laminates 

apidly and inexpensively. However, the joining interface between 

wo adjacent laminates, especially around the hole of cooling chan- 

els, has to be well sealed using adhesive to prevent leakage of the 

oolant [ 170 , 172 ]. 

Laminated tooling is a practical approach to fabricate CC chan- 

els. However, its cross-sectional profile is step-like whose accu- 

acy is limited by the thickness of the lamina sheet, as shown in 

ig. 37 [173] . Therefore, some post-processing may be required to 

emove the stair-stepping effect in the channel profile [169] . Be- 

ides, some measures need to be taken to ensure the bonding and 

ealing quality satisfies requirements on mechanical strength and 

hermal conductivity. 

.4. Welding 

Eiamsa-ard and Wannissorn proposed a metal deposition pro- 

ess by gas metal arc welding (GMAW) to fabricate CC bubblers 

10] . In principle, this was essentially an AM approach wherein 

he weld bead was deposited track by track and layer by layer. 

 machine setup was built by attaching a GMAW torch onto a 

omputer-numerical-control (CNC) machine, as schematically illus- 

rated in Fig. 38 . ER70S-6 wire (Ø 1.2 mm) was used in this ma- 

hine setup. By minimizing weld splash, an optimal set of pro- 

ess parameters were proposed including a 19 V voltage, a 100 A 

urrent, a 10 mm standoff distance, a 15 L/min shielding gas flow 

ate, and a 300 mm/min travel speed. Under this optimal param- 

ter set, samples with an average hardness of 19.16 in the HRC 

cale and an average grain size of 11.1 ± 3.1 μm were obtained. Out 

f the two deposition paths tested by the authors i.e. offset and 
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Fig. 39. Deposition paths of GMAW deposition: offset (a and c) and zigzag (b and 

d) (Reprinted by permission from [10] , Copyright 2015 Elsevier). 

Fig. 40. The process workflow of manufacturing a CC bubbler by GMAW deposition: 

(a) deposition of the bubble, (b) deposition of the top, (c) milling the surfaces, and 

(d) finished surfaces (Adapted by permission from [10] , Copyright 2015 Elsevier). 
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Table 2 

L-PBF processed channel and the straight-drilled channel on their cooling perfor- 

mance [47] . 

Cooling channel 

Heat transfer coefficient (at 

different pressure of coolant) 

(W �m 

− 2 �K − 1 ) Friction factor 

L-PBF printed 22,000 (0.4 MPa) 

28,000 (0.6 MPa) 

0.042–0.05 

Straight-drilled 25,000–28,000 (0.4 MPa) 

31,000–35,000 (0.6 MPa) 

0.023–0.03 
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igzag ( Fig. 39 ), the perimeter of the offset patch was found to be

moother compared to that of the zigzag patch [10] . 

Due to the welding tracks, the surface after GMAW deposition 

s corrugated, as shown in Figs. 39 c and d. Milling is employed to

nish the surface, which will be further discussed in Section 4.7.2. 

he process workflow of manufacturing a CC bubbler by GMAW 

eposition is illustrated in Fig. 40 [10] . 

.5. Powder-based additive manufacturing 

Powder-based AM technology is a general term for a class of 

echniques where metal powder is deposited and welded layer by 

ayer to build 3D metal parts. It is particularly suited to fabricate 

arts with complex 3D shapes (such as CC molds) without con- 

idering the tool-part interference, thus overcoming the structural 

imitations of part design. 

.5.1. Binder jetting 

Binder jetting is a unique and interesting implementation of 

owder-based AM wherein the powder particles are glued selec- 

ively and then sintered in a furnace. It is not similar to powder 
19 
ed fusion (PBF) which uses a high-energy beam (laser or elec- 

ron) to melt and bond powder particles. Binder jetting consists 

f a series of complex procedures to fabricate 3D parts including 

rinting the green part, powder removal, de-binding and sintering, 

nfiltration, and finishing. In the stage of green part printing, the 

owder particles are selectively glued by (a) binder ink-jet such as 

queous acrylic co-polymer emulsion [174] , or (b) a laser beam to 

olidify polymer mixed in the metal powder [175] . The utility of 

inder jetting to fabricate CC channels was reported by Wylonis 

nd Sachs et al. before 20 0 0 [ 139 , 174 ]. Around 2013, thin-shelled

olds made of plaster-ceramic composite powder were printed to 

ast low-temperature metal [176] . Compared to PBF, binder jetting 

s much cheaper but the as-printed quality is inferior such as high 

orosity (indicating low strength) and shrinkage (inducing low di- 

ensional accuracy). Thus, small features ( < 2 mm) should be me- 

hanically machined after printing [ 177 , 178 ]. 

.5.2. Laser powder bed fusion 

L-PBF, wherein a laser beam is used to fuse and bind metal 

owder, is the most commercially mature metal AM method to 

abricate CC molds/dies made of metal (such as P21 steel [41] , 

13 tools steel [96] , hot working steel CL50WS [179] , and bronze 

 98 , 180 ]). Using this technique, CC channels with different cross- 

ectional shapes and architectures, such as circular, self-supporting, 

nd lattice [96] (which were explained in Sections 3.3.3 and 3.3.6 ) 

an be easily built. The L-PBF printed stainless steel sample can 

chieve a density of 99.99% (H13) at the optimized process param- 

ters [96] but some as-printed mechanical properties, e.g. tensile 

trength (H13) [5] and/or fatigue strength (H13 and 316 L) [ 5 , 181 ],

re usually not as good as conventional wrought material. In addi- 

ion, the printability of the bronze-based powder was poorer than 

he steel-based powder [98] . 

Although the L-PBF printed CC molds/dies show the ability to 

educe cycle time and improve part quality, the surface quality and 

imensional accuracy of L-PBF printed cooling channels are not as 

ood as straight-drilled cooling channels. The dimensional accu- 

acy of an L-PBF printed channel strongly depends on the chan- 

el orientation with respect to the build direction [182] . Horizontal 

hannels show the worst dimensional accuracy due to the lack of 

upport to overhang regions ( Fig. 41 [47] ). Delamination and crack 

ropagation were the main issues to the unsupported downfaces 

nd sharp corners, respectively [98] . In addition, surface rough- 

ess increases with the increased overhang angle (with respect 

o the build direction) [181] . The top surface roughness is much 

arger than the bottom surface roughness due to powder adhesion 

dross formation) at the top of the channel [ 96 , 183 ]. As a result,

he heat transfer coefficient of an L-PBF printed channel is smaller 

han a straight-drilled channel with the same designed inner di- 

meter. Further, the friction factor of the L-PBF printed channel is 

arger than the straight-drilled channel due to the higher surface 

oughness. A comparison between the L-PBF printed channel and 

he straight-drilled channel on their cooling performance is listed 

n Table 2 [47] . Moreover, the unmelted powder was hard to be 

lown away by compressed air and thus may block the channel 

ith diameter smaller than 6 mm [98] . 
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Fig. 41. Dimensions of the L-PBF printed horizontal cooling channels (from left to right: designed inner diameter = 2 mm, 3 mm, and 4 mm, respectively) (Reprinted by 

permission from [47] , Copyright 2018 Springer-Verlag London). 

Fig. 42. An LPD printed dual-material mold that the interior region was made of 

316 L stainless steel and the surface was made of H13 hot work steel (Reprinted 

from [146] ). 
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Fig. 43. Linear graded P21/Cu layer (a and b) and microscopic images (c: P21 100 

wt%-Cu 0 wt% and d: P21 0 wt%-Cu 100 wt%) (Adapted by permission from [79] , 

Copyright 2019 KSME & Springer). 

Fig. 44. Deposition strategy of the upper-half of a channel in LPD process 

(Reprinted from [146] ). 

p

L

c

h

s

t

4

t

i

i

r

p

b

.5.3. Laser powder deposition 

Laser powder deposition (LPD, also known as direct metal de- 

osition [109] ) is technically the same as L-PBF excluding the 

owder-supply pattern. The powder bed is recoated layer by layer 

n L-PBF while in LPD the powder is locally fed into the melt pool 

ia a nozzle co-axial with the laser [184] . Compared to L-PBF, LPD 

nables greater build speeds at the cost of lower resolution and 

igher surface roughness. The greater the size of the metal part, 

he greater the benefits of using LPD over L-PBF. Similar to L-PBF, 

PD has also been used to fabricate CC channels [138] . As com- 

ared to L-PBF, moreover, another advantage of LPD is the flexi- 

ility of feeding mixtures of powders (e.g. of multi-metals/alloys) 

ith locally-varying proportions. This makes it theoretically feasi- 

le to fabricate CC channels with functionally graded materials. An 

xample of LPD printed dual-material mold is shown in Fig. 42 , 

here the interior region was made of 316 L stainless steel and the 

urfaces were made of H13 hot work steel [146] . The fabricated 

oupon showed good bonding between the two kinds of steels. 

owever, the printing quality of steel/Cu graded material was not 

s good as steel/steel, as shown in Fig. 43 [79] . The microscopic 

mages ( Figs. 43 c and d) show that large porosities were observed 

n the 100%-Cu sublayer, indicating poor printability of Cu as com- 

ared to P21 tool steel. As a result, although the nominal thermal 

onductivity increased with the increasing Cu percent, the effec- 

ive thermal conductivity was much less than the theoretical value. 

herefore, more work needs to be done to improve the printability 

nd quality of Cu-based graded materials. 

Moreover, the method of powder supply means that LPD can- 

ot print an overhang region directly, unlike the L-PBF process. 

n L-PBF, the powder is recoated layer by layer, so that there is 

n unconsolidated powder bed below the overhang region; while 

n LPD, nothing is below the overhang region since the powder is 

ot supplied to the no-printing region. Due to the lack of powder 

ed below the overhang region, the powder particles supplied to 

he overhang region would fall off onto the substrate (unless sup- 
20 
ort structures are printed) when printing an overhang region in 

PD. As a result, the printing of the overhang region can not be 

onducted successfully. Therefore, some special printing strategies 

ave to be adopted when printing an overhang region using LPD, 

uch as rotating the part to eliminate the overhang region during 

he printing, as shown in Fig. 44 [146] . 

.5.4. Electron beam melting 

Electron beam melting (EBM) is a powder-based AM process 

hat is highly similar to L-PBF. The only difference between them 

s that in EBM an electron beam is used as the heat energy source 

nstead of a laser beam. Although EBM has also been used to fab- 

icate CC molds [185–187] , they are typically bulkier and more ex- 

ensive than L-PBF systems due to vacuum requirements for the 

uild chamber. 
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Fig. 45. Schematic of hybrid welding/milling equipment (Reprinted from [141] with 

permission from the authors). 
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Fig. 46. Schematic of hybrid additively/subtractively manufactured CC mold 

(Adapted by permission from [154] , Copyright 2019 Springer-Verlag London). 
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.6. Hybrid additive/subtractive manufacturing 

AM and conventional machining have merits that can com- 

lement each other. AM has the ability to build complex-shaped 

tructures (such as CC channels) flexibly and efficiently, while con- 

entional machining can machine parts with high dimensional ac- 

uracy. For the fabrication of CC channels, combining AM and con- 

entional machining stands to achieve a better result. This com- 

ined technique is known as hybrid additive/subtractive manufac- 

uring, wherein the part is processed alternately by AM and con- 

entional machining layer by layer. Although AM breaks through 

he structural limitation on the fabrication of CC channels, the 

s-built channel surface possesses an undesired degree of surface 

oughness. Further, it is difficult to finish the channel surface after 

he mold is printed completely. A possible way around this is to 

echanically finish the interior wall of the currently printed layer 

efore the next layer begins to be printed [10] . In this approach, 

ach layer is additively manufactured first and then subtractively 

achined. 

Theoretically, hybrid additive/subtractive manufacturing can be 

 combination of any additive/subtractive methods. However, the 

ctual choice is subjected to the machine tool. To conduct two dif- 

erent manufacturing methods (one is additive and the other one 

s subtractive) jointly, two manufacturing systems should be inte- 

rated by sharing the same operation space and coordinate ori- 

in; meanwhile, it should prevent the interference between the 

dditive system and cutting tool. This implies that hybrid addi- 

ive/subtractive manufacturing approaches require specialized ma- 

hine tools. Its development can be traced back to the 1990s and 

tarted from the hybrid welding/milling method whose equipment 

s schematically shown in Fig. 45 [ 140 , 141 ]. In this method, the

elding process can be either GMAW [188] or metal inert gas 

ladding [189] . As compared to the welding, the merits of the hy- 

rid welding/milling are not only the surface roughness but also 

he dimensional accuracy, especially in the Z direction. 

From the angle of AM, powder-based AM (such as L-PBF and 

PD) is more desirable than wire-based AM (such as welding), 

ecause the size of powder particles (several tens of microns) is 

uch smaller than the size of wire ( ∼ 1 mm), making powder- 

ased AM more applicable for fine structures. Recently, a large step 

n the development of the equipment of hybrid additive/subtractive 
21 
anufacturing was made by the company DMG Mori wherein 

t combined LPD and conventional cutting onto a CNC platform. 

he laser head and cutting tools can be exchanged discretionarily 

nd automatically in the spindle, leading to the development of 

he first commercially-used hybrid LPD/cutting machine tool (DMG 

ori LASERTEC series) worldwide [190] . It further increases the 

anufacturing flexibility and improves the dimensional accuracy 

nd surface quality of both outer and inner surfaces significantly. 

hese considerable merits make the development of this method 

romising, although the high cost of the machine tool limits the 

opularization of this method at the current stage. 

.7. Combination of additive manufacturing and subtractive 

anufacturing 

The advantages of hybrid additive/subtractive manufacturing 

ave been discussed in Section 4.6 . However, considering the high 

ost of the specialized machine tool, a more economical approach 

s to use two separate machine tools to achieve the additive and 

ubtractive manufacturing respectively. There are two purposes to 

ointly use additive and subtractive manufacturing in this way, i.e. 

a) to fabricate hybrid molds and (b) to post-process the as-printed 

urfaces. 

.7.1. Fabrication of hybrid mold 

Sometimes, a mold insert is divided into two parts, such that 

he one is fabricated using AM and the other is fabricated using 

ubtractive manufacturing [191] . Usually, the subtractively manu- 

actured part (Part I) is the housing or the straight-drilled channel 

nsert of a mold, while the additively manufactured part (Part II) 

s the CC insert (schematically shown in Fig. 46 ) [ 154 , 192 ]. There

re two approaches to bond these two parts, i.e. bolting [193] or 

aser AM of Part II on Part I (i.e. using Part I as the build plate on

hich Part II is additively built up). In the latter approach, Part I is 

anufactured by conventional machining methods, such as milling 

nd drilling, while the CC insert (Part II) is fabricated by laser AM 

n Part I [ 138 , 194 ]. An important concern in the combined use

f additive/subtractive manufacturing is the joining characteristics 

bond strength) between the additively-manufactured region and 

he subtractively-manufactured region, especially when these two 

egions are made of different materials, as shown in Fig. 47 [138] . 

esides, it must be ensured that the part is aligned correctly when 

ismounting the part from one machine tool and mounting on an- 

ther machine tool, failing which the cavity surface and the chan- 

els of Part I and Part II may be mismatched [195] . 
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Fig. 47. Microstructures in the vicinity of the joined regions (upper half: manufac- 

tured by LPD, made of P21 tool steel; lower half: manufactured by high-speed ma- 

chining, made of KP4M tool steel) (Reprinted by permission from [138] , Copyright 

2010 KSPE and Springer). 
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.7.2. Surface finishing 

In general, laser-additive-manufactured surfaces cannot com- 

ete with mechanically machined surfaces in surface quality [196] . 

ence, they should be finished (using mechanical machining, 

lectro discharge machining, lapping, and/or heat treatment, etc. 

 78 , 138 ]) appropriately to improve the dimensional accuracy and 

urface roughness. If mechanical machining is used to improve the 

imensional accuracy, the printed part should be larger (adding 

.5–1 mm in length to all surfaces) than the designed one to en- 

ure there is redundant material to be mechanically removed [177] . 

he internal surface of CC channels can be polished by abrasive 

ow machining due to the complexity of channel shapes and flex- 

bility of abrasive flow [ 173 , 197 ]. In addition, it is found that the

brasive flow polishing can also improve the sealing of laminated- 

ooled molds [173] . 

. Applications of conformal cooling channels in industries 

Although the concept of CC channels was initially proposed for 

njection molding, theoretically, CC channels can be applicable to 

ll the tools/parts that have complex cooling/heating profiles and 

equire efficient and uniform cooling/heating. Nowadays, CC chan- 

els have started to show their potential and be utilized in various 

ndustrial applications as discussed below. 

.1. Plastic molding 

Plastic molding processes such as injection molding, transfer 

olding, blow molding and hot embossing, are important indus- 

rial manufacturing methods that produce most or all plastic prod- 

cts in use today. Molds are required in these processes, where 

C channels play crucial roles to improve cooling performance. 

he concept of CC was primarily developed for injection mold- 

ng [198–200] to reduce the warpage and residual stresses of 

njection-molded parts with variable thickness, large size, and/or 

omplex shapes, flat parts with partly thick volumes [201] , com- 

lex large automotive parts [ 20 , 41 , 202 ], and (local) thin-walled

arts [ 203 , 204 ]. Moreover, CC has shown promise for high pre-

ision parts with very low dimensional tolerances, such as screw 
22 
aps [130] , contact lens [205] , and large-diameter aspheric plastic 

enses ( Fig. 48 ) [15] . It is seen in Fig. 48 that the lenses injection-

olded using spiral CC channels showed good birefringence prop- 

rties and fringe patterns. 

Although channels in transfer molds are used to heat but not 

o cool the cavity, which is different from that in injection molds, 

onformal channels are also recommended in transfer molding to 

btain more uniform and efficient heating in this application. Con- 

ormal channels in transfer molding are known as conformal heat- 

ng channels instead of CC channels but the design and layout of 

onformal heating channels (and indeed, the physics of the pro- 

ess) are identical to that of CC channels in injection molds [206] . 

Besides injection molding and transfer molding, blow molding 

s another important polymer processing technology that is used to 

roduce hollow-shaped plastic parts such as plastic bottles [207] . 

imilar to injection molding, the cooling stage takes up approxi- 

ately two-thirds of the cycle in blow molding, which affects not 

nly production efficiency but also production quality. CC chan- 

els can also be applied to blow molding owing to the similar- 

ty of mold designs for injection molding and blow molding [208] . 

ot embossing is used to fabricate plastic parts with micro fea- 

ures. By using CC hot embossing molds, the reductions of cool- 

ng time and cost can be more than 90% and 70%, respectively 

142] . Finally, vacuum forming [209] (a simplified thermoforming 

rocess where single-surface molds are employed) and profile ex- 

rusion [210] which produce plastic parts have also benefited from 

C molds. 

.2. Metal die forming 

Besides plastic molding, metal die forming is another important 

anufacturing field in which CC channels play a crucial role in for- 

ation quality and cycle time. The implementation approaches of 

etal die forming mainly include die casting [12] , extrusion [211] , 

ot stamping [ 212 , 213 ], hot forging [118] , and hot sheet metal

orming [214] . By using CC dies in metal die casting, the cool- 

ng capacity is enhanced effectively so that the requirement for 

xtra spray cooling is lessened [215] . Using air as a coolant in- 

tead of water can also provide sufficient cooling effect so that 

he casting process of Al could be safer due to the elimination of 

robable explosion hazards [216] . Moreover, using CC dies can im- 

rove the shrinkage porosity and surface finish of the fabricated 

art [215] . 

CC channels can also be used in hot extrusion dies to prevent 

verheating of the workpiece materials (Al, Al alloy, etc.) and speed 

p the production [ 127 , 179 ]. CC channels are positioned close to 

he forming zone to dissipate heat locally, raising the production 

ate by as much as 300% without affecting the extrusion force sig- 

ificantly. Moreover, since the as-printed surface roughness does 

ot affect the material flow, the surface does not need to be fin- 

shed after L-PBF printing [171] . 

In hot stamping, the uneven cooling affects the uniformity and 

hus the strength of the stamped parts. To address this problem, 

C channels were employed in hot stamping dies for larger struc- 

ural parts, such as roof sides and pillars of an automobile [ 32 , 53 ],

s shown in Fig. 49 . The experimental results showed that the uni- 

ormity and strength of the part improved after using CC dies [32] . 

.3. Other advanced products 

In addition to plastic and metal thermoforming molds/dies, in- 

ovative applications of CC channels can be found in the fabrica- 

ion of advanced products with self-cooling features to enhance 

he cooling effect of these products. A typical case of this kind of 

pplication is the gas turbine engine. Fuel is burned in the com- 

ustion chamber, and high-temperature gas is ejected from the 
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Fig. 48. (a) Birefringence properties and (b) fringe patterns of injection-molded large-diameter aspheric plastic lenses (left: conventional; right: conformal) (Reprinted from 

[15] ). 
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ozzle. Cooling channels are thus required to prevent overheating 

hich can severely jeopardize the mechanical properties of the al- 

oys used in the engine. To fit the complex shapes of the gas tur- 

ine engine components better, it is desirable to design the cool- 

ng channels conformal to the shape of the turbine [217] . Further, 

t is promising to combine the CC channel design with the exist- 

ng ribbed channel design to obtain a more desired cooling abil- 

ty. In addition to gas turbine engines, some other instances, such 

s photoinjector [ 218 , 219 ] and self-cooling gears [220] , have also

een proposed where CC channels provided enhanced cooling ef- 

ect to reduce the working temperature and extend the component 

ifetime. 

. Conclusions and future outlook 

The design, manufacturing and application of CC channels were 

eviewed and evaluated systematically and comprehensively in this 

eview paper. The core goal of using CC channels is to achieve a 

niform and rapid cooling. A proper design is crucial to achiev- 

ng this goal as cooling performance may not be enhanced by an 

mproper design even if the channels are conformal. Some key 

esign parameters of CC channels, such as cross-sectional shape 

nd size, surface area, distance to cavity surface, and pitch be- 

ween two adjacent channels, have to be calculated and chosen 
23 
arefully after taking into account the cooling rate and time, tem- 

erature gradient, mechanical strength of mold, and coolant pres- 

ure drop. In light of this, five classes of design methods for CC 

hannels were employed, namely (i) empirical method (experimen- 

al or simulation-based design), (ii) design according to CC curves, 

iii) modular design, (iv) automatic or intelligent design using ex- 

ert algorithms, and (v) design based on the topology optimization 

mainly for design dual-materials molds). 

Although many CC layouts had been proposed in the literature, 

hey can be roughly classified into eight types, namely (i) basic 

ype (spiral and linear), (ii) meshy type, (iii) non-circular cross- 

ectional type, (iv) CC bubbler, (v) modularly constructed type, 

vi) lattice type, (vii) dual-materials type, and (viii) a combination 

ith other cooling techniques (such as hybrid straight-drilled-CC 

olds). One cannot simply say which design is the best, since the 

hoice depends on the complexity of the part. The basic type of de- 

ign can provide sufficient cooling capacity for simple part shapes, 

hile more complex types (such as meshy type and non-circular 

ross-sectional type) are recommended for complex-shaped parts. 

n the other hand, hybrid straight-drilled CC molds are suitable 

hoices for locally complex parts. The use of CC channels can re- 

uce the cycle time by up to 70% in addition to reducing the 

hape deviations (such as differential shrinkage and warpage) sig- 

ificantly. The more complex the core mold, the more difficult it is 
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Fig. 49. Hot stamping tools with CC channels (Reprinted by permission from [32] , 

Copyright 2013 Springer-Verlag London). 
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o cool by conventional cooling channels, and the greater the po- 

ential for cooling time reduction with CC channels. 

In recent years, the rapid development of AM (which allows a 

reater design freedom) has given a great boost to the develop- 

ent of CC systems. A number of techniques were employed to 

abricate CC mold, e.g. epoxy casting, laminated tooling, welding, 

owder-based AM (including binder jetting, L-PBF, LPD and EBM). 

ll of these techniques demonstrated the feasibility of fabricating 

C molds. In particular, epoxy casting and L-PBF showed the best 

pplicability to Al-epoxy molds and metal (steel) molds, respec- 

ively, because of the high forming flexibility and fidelity. Mean- 

hile, LPD has an exclusive advantage to fabricate multi-materials 

olds although it cannot print overhang regions directly. Dimen- 

ional accuracy is the biggest concern needing attention and im- 

rovement in AM. Hybrid additive/subtractive manufacturing (hy- 

rid L-PBF/CNC milling) shows great promise in the future for the 

abrication of high dimensional-accuracy CC molds, provided these 

ethods reach the maturity of conventional techniques in terms of 

osts and efficiency. 

CC channels show the potential and competitiveness in a va- 

iety of industrial applications such as plastic molding (including 

njection molding, blow molding and transfer molding) and metal 

hermoforming (including die casting and hot extrusion). It is ex- 

ected to substitute straight-drilled cooling molds in the future, as 

t can significantly improve part quality, raise production rates and 

ower production costs. In addition to this, the use of CC channels 

an be expanded to some advanced products that require high- 

erformance self-cooling, such as gas turbine engines, photoinjec- 

ors, and gears. This will benefit a great number of advanced prod- 

cts to improve their functionality and extend their lifetime. 
24 
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