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Abstract: Eliminating warpage in injection molded polymeric parts is one of the most important
problems in the injection molding industry today. This situation is critical in geometries that are
particularly susceptible to warping due to their geometric features, as occurs with topologies of
great length and slenderness with high changes in thickness. These features are, in these special
geometries, impossible to manufacture with traditional technologies meeting the dimensional and
sustainable requirements of the industry. The paper presents an innovative green conformal cooling
system that is specifically designed for parts with slender geometric shapes, highly susceptible to
warping. Additionally, the work presented by the authors investigates the importance of using
highly conductive inserts made of steel alloys in combination with the use of additively manufac-
tured conformal channels in reducing influential parameters such as warpage, cooling time and
residual stresses in the complex manufacturing of long and slender parts. The results for a real in-
dustrial case study indicate that the use of conformal cooling layouts decreases cycle time by 175.1
s - 66% below the current cooling time, the temperature gradient by 78.5% specifically 18.16 °C, the
residual stress by 39.78 MPa or — 81.88 %, and the warpage by 6.9 mm or- 90.5%. In this way, it is
possible to achieve a final warping in the complex geometry studied of 0.72 mm under the maxi-
mum value required at the industrial level of 1 mm. The resulting values obtained by the researchers
present a turning point from which the manufacturing and sustainability in injection molding of
said plastic geometries is possible, taking into account that the geometric manufacturing features
analyzed, will present a great demand in the coming years in the auto parts manufacturing industry

Keywords: Conformal cooling; Green mold; Sustainability; Injection molding; Numerical simula-
tion; Industrial design

1. Introduction

The plastic manufacturing process of injection molding is currently considered one
of the most widely used plastic transformation technologies worldwide [1]. It is estimated
that 70% of consumer products incorporate components manufactured with this produc-
tion process [2-3]. The global scope of the plastic injection molded market was estimated
at USD 265.1 billion in the year 2020, expected to grow annually by 4.6% between 2021
and 2028[4].

Although the demand for plastic components comes from various industrial fields
such as packaging, electrical, electronic products, and medical devices, the automotive
industry is one of the areas that produce the largest number of plastic parts, with a de-
mand valued at 45,000 million in 2020 estimating the growth of up to 65 million USD in
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2027 mainly in Europe and China [5]. The automobile requires the design of multiple plas-
tic parts such as wheel covers, casings, interior parts, complex optical parts, etc. This fact
causes manufacturers to increase the use of injection molded parts due to their recyclabil-
ity, durability, vibration control, strength, etc [6-8].

The threat of climate change is high on international, European, and national political
agendas [9]. The commitments set out in the Paris Agreement set the baseline for cost-
effective greenhouse gas emission reductions. To achieve climate neutrality in 2050, the
EU raises the need to decarbonize the industry by increasing its competitiveness, demand-
ing that technological products and processes be climate neutral [10]. The injection mold-
ing technology, processes around 117 million tons of thermoplastics worldwide every
year, estimating the use of electricity in injection machines at approximately 105,109 Kw.h.
resulting in 80 million metric tons of CO: emissions per year [11].

Technologically, plastic injection molding is based on the process of melting and sub-
sequent solidification of the plastic material that has been injected at high pressure and
temperature into the mold cavity [12-14]. Among the stages of the molding cycle, the cool-
ing phase is the one with the highest energy and time consumption, being around 70% of
the total cycle manufacturing time [15-17]. In a conventional molding process, water, act-
ing as a coolant, flows continuously through a set of channels in the mold, starting the
solidification process of the injected melt when it comes into contact with the surface of
the cavity at a lower temperature [18-19].

Decreasing the molding cycle time is a key factor in improving energy efficiency and
the sustainability of the process [20-21]. From the perspective of increasing productivity,
an efficient cooling design is critical, since the cooling phase takes up a large part of the
cycle time. Designing adaptative channel geometries capable of maintaining a constant
distance between the part surface and the cooling channels, even in those difficult areas
where material accumulation occurs, can dramatically decrease cooling time and increase
the uniformity of temperatures at the surface of the molded part [22]. In the same way, a
uniform distribution of temperatures on the surface of the part helps not only to reduce
the cooling time but also to improve the quality of the part in terms of metrology [23]. An
unbalanced temperature map can cause warpage in the plastic part and result in the re-
jection of manufactured parts, which goes against the industrial sustainability criteria cur-
rently required [24].

In industrial practice, the warpage of molded parts is an even bigger problem than
shrinkage. Warpage is a consequence of unequal shrinkage values [25]. The injection
molding process significantly affects the warping phenomenon in the geometry obtained
due to non-uniformities in the mold wall [26]. Particularly of the parameters of manufac-
turing by molding, the surface temperature of the mold is the most important in the phys-
ical phenomenon of warping [27]. The differential cooling of the part occurs when the
surfaces are at different temperatures, specifically in the hot spots of the mold, such as
core pins, corners, thick areas, gates, etc. Hot spots cause problems by adding extra crys-
tallinity to the material and prolonging the part's cooling time so that the area that cools
the longest, shrinks the most [28].

The cooling of the mold in the traditional way is achieved by making straight chan-
nels in both cavities of the mold. Despite the economic manufacture of this type of chan-
nels, they are not useful in the uniform cooling of parts with complex geometry. The dif-
ficulty in establishing a uniform distance between the channel and the topology of the
piece prevents this length from being kept constant, preventing the uniformity of temper-
atures on the surface of the piece and increasing the number of rejections in production.
Additive manufacturing processes allow the manufacture of cooling channels following
the contour of the part [29], giving design flexibility. Regarding the sustainability of the
production process, additive manufacturing allows the use of shorter supply chains, as
well as more efficient use of manufacturing materials. Likewise, conformal cooling chan-
nels reduce cycle time and energy consumption, making them green channels. Compared
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98 to traditional cooling channels, the use of conformal cooling channels decreases the cool-

99 ing time to a maximal range of 15 to 50%. Beard et al. [30] decreased the cooling cycle time
100 in a range of 20 to 40%. Torres et al. [31] reduce cycle time by 13% in very complex optical
101 parts with a high thickness ratio. Sayfullah and Masood [32] reduced the total cycle time
102 by 35% as well as the maximum temperature by 30%, improving the differential shrinkage
103 and therefore its warpage. Mazur et al. [33] obtained improvements of 5% C in the maxi-
104 mum temperature, improving the shrinkage of the part as well as its warpage and Smidt
105 et al. [35] improved the cooling time by 32.7% reducing the warpage by 28.2%.
106 Given the high influence of conformal cooling channels in reducing cycle time and
107 improving part uniformity, different applications and designs have been proposed. Con-
108 cerning the geometry of the layout, the spiral layout is one of the most used [34]. Unfor-
109 tunately, these channels present sudden turns, increasing the pressure drop and slowing
110 down the flow, weakening the effectiveness of the cooling process. To avoid these prob-
111 lems, other authors use layouts whose axes follow a zigzag [35-36] design. For highly
112 complex geometries, it is possible to use cross-linked channel designs [37], porous [38],
113 lattice [39-40] or vascularized [41] topologies. However, all these geometries [35-41] have
114 the problem of requiring a connection between channels, so in the event of an obstruction
115 caused by foreign elements, it could not be easily removed from the layout. Another way
116 to cool complex cores is the use of inserts made of high thermal conductive materials such
117 as high conductive steel alloys. The high thermal conductivity of these materials helps in
118 the process of reducing the cycle time while maintaining the corrosion and oxidation re-
119 sistance of the mold [42].
120 Reducing the warpage of a plastic part to a minimum value is a highly significant
121 factor, especially for complex optical parts where dimensional accuracy affects the func-
122 tionality of the vehicle [43-45]. The current designs demanded in the industry and espe-
123 cially in the automotive sector, increasingly complicate the manufacturing process by
124 molding. The trends place more and more emphasis on the development of the visual or
125 aesthetic appearance of the vehicle, complicating the functional aspect of the molded
126 parts. This fact increases if we take into account that, in addition to style, some of these
127 pieces have to fulfill an optical function at the level of lighting or light signalling by the
128 standards. The style implemented today in the automotive industry highlights futuristic
129 concepts characterized by large-format stylized details that incorporate new technologies
130 such as LEDs. These technologies require a marked precision in the dimensional aspect of
131 the pieces, so it is necessary to look for designs that improve the current conception of the
132 injection molding process. The procedures and tools used to date do not guarantee an
133 optimal result in terms of the aesthetic or functional aspect of the piece, as well as of the
134 manufacturing process that makes the activity competitive.
135 The use of long plastic parts with geometric slenderness including areas with large
136 thickness ratios is becoming more and more common in the automotive field and more
137 specifically in the area of optical plastic parts using LED technology. The upcoming lines
138 of aesthetics and functionality that will come in the coming years for the car demand a
139 type of lighting not only external but also internal to the vehicle. These optical plastic parts
140 require high aesthetic and dimensional specifications, being also characterized by a great
141 length and slenderness. These geometries cannot be manufactured with quality using the
142 current means of production. To avoid these problems, the use of conformal cooling lay-
143 outs together with high thermal conductivity materials can help to obtain a uniform and
144 balanced temperature map in these complex parts. Unfortunately, currently, the applica-
145 tion of green conformal cooling channels for the cooling of injection molds is a complex
146 procedure from the initial design to the final manufacturing process of the mold. Despite
147 previous literature and relevant review articles, unfortunately, there are still significant
148 gaps in the research and application of conformal cooling layouts [22].
149 To avoid the problems raised so far, the paper proposes a new industrially sustaina-

150 ble conformal cooling system that can reduce cycle times, longitudinal warpage, and re-
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151 sidual stresses in the manufacturing of highly complex injection molded parts, character-
152 ized by their great length and slenderness as well as thick points. Research has not yet
153 been conducted at a scientific or industrial level on the application of conformal layouts
154 to the manufacture of this type of plastic geometry that is impossible to manufacture meet-
155 ing the industry's requirements using traditional methods. The results obtained by the
156 authors mark a turning point in the manufacture by molding of this type of topology,
157 given that the geometric manufacturing features studied in the paper will present a very
158 high demand in the coming years in the automotive industry [46-47]. The research results
159 obtained show that the use of conformal cooling layouts in the cooling of injection molds
160 makes it possible to manufacture parts following the high dimensional requirements de-
161 manded by current industries. Finally, the results presented by the authors are fully in
162 line with the sustainability and energy-saving criteria demanded by the European Union
163 and the rest of the world in terms of the manufacture of industrial plastic parts.

164 2. Materials and Methods

165 2.1 Geometric analysis and functional description of the plastic part manufactured via injection
166 molding

167 The analysis and determination of the geometric, technological, and functional re-
168 quirements of the plastic part directly influence the process of geometric design and di-
169 mensioning of the main elements that make up the mechanical systems of the injection
170 mold. Likewise, geometric aspects such as the complexity of the surfaces, the distribution
171 of the thickness map, general dimensions, and geometric tolerances, not only determine
172 the final configuration of the injection mold but also establish the technological parame-
173 ters that control its correct manufacturing process. That is why, in this section, the main
174 geometric features and parameters of the plastic part under study are described in detail,
175 as well as the definition of its main application and functional requirements.

176 The plastic part object of study is defined as a chimsel. As shown in Fig. 1, this real
177 case study is an industrial part belonging to a LED - collimator lighting system, used in
178 the automotive industry. The main function of this optical part is to collect the light com-
179 ing from the LEDs using several collimating elements (see Fig. 1) and project it onto a light
180 output surface, geometrically composed of a large number of small squares with closed
181 angles "Pillows" in charge of distributing the light according to the desired purpose (see
182 Fig. 1). In this way, the light generated by the LED lighting elements is directed along the
183 plastic part according to the functionality and standards established by the automotive
184 industry.

Pillow

Pullow location
Case study Chimsel, plastic .
part tor highting apphication

Light outpant

Light input || Location of LED collimutors nrray
185

186 Fig. 1 Description of the plastic part for lighting application case study

187 It should be noted that, as it is an optical part, the dimensional tolerances required to
188 meet the requirements and standards of functionality and optical criteria are more de-
189 manding, relevant, and significant than for any other plastic part. In general, the final or
190 resulting dimensional tolerances in plastic geometries are closely related to the design of

191 the main components of the injection mold. This is especially true for the elements that
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192 make up the cooling system. Similarly, it is equally pertinent to establish the technological
193 parameters that define the cooling phase within the cycle of manufacturing the plastic
194 part. After manufacturing, warping can be generated due to physical concepts related to
195 the cooling phase, including distribution of the cooling temperature gradients on the sur-
196 face of the plastic part, residual stresses caused by a nonuniform cooling temperature, and
197 the associated unbalanced volumetric shrinkage of the thermoplastic material. Therefore,
198 an optimal design and dimensioning would favor the reduction of the final warpage of
199 the plastic part, and therefore, achieve its functional requirements.
200 During the cooling phase, the most relevant features and geometric parameters are
201 the thickness map and the main part dimensions (width, length, height), see Fig. 2 and
202 Fig. 3, being the resulting variables the time needed until reaching the ejection tempera-
203 ture, the distribution of volumetric shrinkage, and the warpage after the cooling phase.
204 These parameters mainly determine the economic viability, the efficiency, and sustaina-
205 bility of the manufacturing process as well as the compliance with the dimensional toler-
206 ances and the functional requirements of the plastic part. Table 1 shows the magnitude of
207 the main geometric parameters of the plastic part under study.

tree|

208
209 Fig. 2 Thickness map distribution of the plastic part
210 Table. 1 Plastic part main dimensions
Maximum thickness  Average thickness Width Length  Height
[mm] [mm] [mm]  [mm] [mm]
9.6 4.1 62.0 630.0 40.0

211
212 As can be seen in Table 1 and Fig. 3, the plastic part has a particular topology, fea-
213 tures, and geometric parameters, which differ from the usual standards in the plastics
214 industry. The nominal length of the plastic part is 630 mm. The difference between the
215 average and maximum thickness is 5.5 mm. This thickness variation is given by the need
216 to include an upper wing and several collimating elements, to project and direct the light
217 beam coming from the LEDs towards the pillow elements (see Fig. 1). The part is made
218 up of a set of reinforcing elements of variable dimensions that greatly increase the thick-
219 ness of the part in its lower area, making it difficult to manufacture. These features and
220 geometric parameters directly affect the design and manufacture of the main elements of

221 the cooling system and its functionality.
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223 Fig. 3 Plastic part main dimensions
224 2.2.- Theoretical background and analytical study of the cooling phase
225 The analytical study of the cooling phase of the plastic part under study focuses on
226 the analysis of two technological parameters: time to reach the ejection temperature and
227 longitudinal warpage. On the one hand, the evaluation of the current time that elapses
228 until the plastic part reaches the ejection temperature facilitates the evaluation of the ther-
229 mal performance associated with the design of the cooling system and the cooling phase
230 of the plastic part. Meanwhile, the longitudinal warpage in a plastic part after cooling
231 determines its compliance with dimensional tolerances and its functional requirements.
232 2.2.1.- Time to reach the ejection temperature
233 The manufacturing cycle of the plastic part is determined by different technological
234 phases: filling, packing, cooling, and ejection. Among all of them, the cooling phase is the
235 most important in the thermoplastic injection molding process representing more than
236 70% of the total time invested in the manufacturing cycle and the one with the greatest
237 influence on energy consumption. The cooling phase begins with the solidification of the
238 gate. This is followed by the solidification of the molten plastic front, which has completed
239 the mold cavity, cooling down until it reaches a sufficient and suitable temperature to go
240 on to the ejection phase. The physical model used to determine the cooling time is estab-
241 lished from the heat exchange by conduction that occurs between the thermoplastic ma-
242 terial and the coolant flow. Consequently, the hypothesis is established that the thermal
243 exchange by convection and radiation between the main elements of the injection mold
244 and the external environment is neglected, as this represents less than 5% of the total heat
245 exchange. The heat flow by conduction is defined, according to Eq. 1, using Fourier's dif-
246 ferential equation, reduced to one dimension. Although this thermal analysis can be ap-
247 plied to the three main directions of space, the heat exchange flow between the thermo-
248 plastic material and the coolant flow is carried out in only one direction, the main direction
249 of the thickness so the unidirectional approach of the analysis is valid [5]. In this way, the
250 one-dimensional heat flow or Fourier equation reduced to one dimension can be ex-
251 pressed as:
oT 9T
252 a9t %52,
253 (1)
254 Being ap [m?/s] the coefficient for the thermal diffusivity of the mold material, taking
255 into account that after the filling of the mold the temperature of the molten plastic is con-
256 stant, while the temperature of the surface of the mold changes until it reaches a value
257 stationary. For these conditions, a solution of a particular type can be found (see Eq. 2) for
258 Eq. 1.
259 At a belonging point to the mold cavity it is possible to analyze the temperature of
260 the molten plastic through the convergence of the Fourier series as indicated in equation
261 1.
o m-(2m+1)2%-a
262 T,oo() =T, + (Trere — T, )‘Zﬂ-e Ty -
z=0 coolant melt coolant 2. m+1
m=0
263 ()
264 Solving Eq. 2 concerning the cooling time variable, the expression that determines

265 the cooling time teooling is defined in Eq. 3.
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266 teooling = T_p2 -Ln (i . —Tmelt _ mold)
n? - ap T Teject — Tinola

267 (3)
268 Where Tp [m] represents the maximum thickness of the plastic part, Tmeit [°C] repre-
269 sents the temperature of the molten plastic front, Tmold [°C] represents the surface temper-
270 ature of the injection mold cavity and Teject [°C] represents the recommended ejection tem-
271 perature for the thermoplastic material (see Fig. 4).
272 Also, it should be noted that the boundary conditions established to define Eq.3 are
273 that the thickness of the plastic part is much less than the rest of its dimensions and that
274 the direction of the heat flow, which is exchanged between the plastic part and the coolant,
275 is perpendicular to the melt plastic flow direction [5].
276 Secondly, the magnitude of the main thermal variables that define Eq. 3 are estab-
277 lished and recommended by the manufacturer or supplier of the thermoplastic material.
278 Also, Eq. 3, determined by a physical model, establishes an analytical and approximate
279 cooling time. Well, in practice, the cooling time can be substantially longer if the mold
280 maker considers that the plastic part requires more cooling time to achieve the required
281 functional specifications and geometric tolerances. In addition, the definition of the mag-
282 nitude of the surface temperature of the mold cavity Tmota [°C] (see Eq. 3) depends directly
283 on the design and dimensioning of the main elements that make up the injection mold
284 cooling system. Therefore, an optimized design adjusted to the features and geometric
285 properties of the plastic part can significantly reduce the result of the cooling time, im-
286 proving the sustainability of the process.
287

Cooling Phase Ejection Phase

Melt Plastic Flow Cawity Plate ‘ ——

Ihickness. T, [mm]

|
1

288 Ejector  Coolant  Care Plate

289 Fig. 4 Thermal variables representation of the physical model

290 2.2.2.- Warpage analysis process

291 The warpage map generated on the plastic part is a result of its manufacturing pro-
292 cess. This map defines the final quality of the part, according to its functional requirements
293 and geometric tolerances. In general, the warpage map is related to the volumetric shrink-
294 age that it undergoes during the different phases of the plastic injection cycle. In particu-
295 lar, the main physical effect that generates volumetric shrinkage in the plastic part is the
296 pressure and temperature gradients that develop along its surface, especially after the
297 cooling phase.

298 According to [48] the differential volumetric shrinkage, caused by temperature gra-
299 dients and stresses along with the geometry of the plastic part, cause longitudinal warp-

300 age outside its main plane (see Fig. 5) and can be expressed according to Eq. 4.
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Warpage due to temperature gradient

6 [mm)

SL‘L.’“\'I

I | | LLJ

Non — Uniform temperature and Shrinkage

301
302 Fig. 5 Warpage due to differential shrinkage of temperature gradient
303 6= \/Wz - {W ’ [1 - (Sedge - Scenter)]}2
304 (4)
305 Where W [m] represents the separation distance between the center of the plastic part
306 and its outer contour, Sedge represents the percentage of linear shrinkage that is obtained
307 along the outer contour of the plastic part, and Scenter represents the percentage of linear
308 shrinkage obtained in the central region of the plastic piece. Likewise, the volumetric
309 shrinkage parameter is defined from the linear shrinkage experienced by the thermo-
310 plastic material in the three main directions of the space. In this way, if the hypothesis is
311 established in which the thermoplastic material is considered to be isotropic, the linear
312 shrinkage that it experiences in the three main directions of space is the same.
313 And, therefore, the linear shrinkage experienced by the thermoplastic material can
314 be expressed as a function of the magnitude of volumetric shrinkage, according to Eq. 5.
315 S=1-3r,
316 (5)
317 Where S represents the percentage of linear shrinkage of the thermoplastic material
318 and rv represents the percentage of volumetric shrinkage of the thermoplastic material.
319 Finally, to complete the analytical study that determines the longitudinal warpages of the
320 plastic part, Tait's double domain equations are used, which characterize the compressi-
321 bility behavior of the thermoplastic material. From this analytical model, and as shown in
322 Eq. 6, the specific volumes of the thermoplastic material can be defined from its tempera-
323 ture and pressure.

P
324 v (T,P) =v,(T) - {1 —0.0894 :In In [1 + m] }
325 (6)
326 Where vo [m3/kg] represents the reference specific volume of the thermoplastic mate-
327 rial for the analyzed temperature, 3 [Pa] represents the compressibility of the thermo-
328 plastic material for the analyzed temperature, and P [Pa] the analysis pressure of the ther-
329 moplastic material. Furthermore, this set of variables can be expressed according to Eq. 7
330 and Eq. 8.
331 Uo(T) = by + b, - (T — bs)
332 (7)
333 B(T) = by - e~ ba(T=bs)
334 (8)
335 Where b1 [m¥/kg], b2 [m3/kg], bs [Pa], b4 [1/K] and bs [K] are technological parameters
336 specific to the thermoplastic material, provided by its manufacturer and supplier. Finally,

337 to define the longitudinal shrinkage (see Eq. 4) suffered by the plastic part, both in its
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338 outer contour and in its central region, the percentage of volumetric shrinkage of the ther-
339 moplastic material (see Eq. 5) is defined according to Eq. 9. All these requirements, for
340 temperature and pressure conditions between the instant before the beginning of the cool-
341 ing phase, and the end of the manufacturing process.
342
v (20°C ,0 MPa)
343 T, =
v (Tpack—cooling’ Ppack—cooling)
344 9)
345 2.3.- Materials
346 In this item, we proceed to define the features and properties of the materials used
347 during the research work both for the main elements that make up the injection mold and
348 for the thermoplastic material of the part under study. In this case, the polymer family
349 used to manufacture the plastic geometry is Polymethyl methacrylate (PMMA). This pol-
350 ymer is a highly transparent thermoplastic that is established by the polymerization of the
351 methylmethacrylate monomer. In this way, thanks to its optical and aesthetic features and
352 its high surface strength, this thermoplastic material is used as a lightweight alternative
353 to glass and polycarbonate (PC) when greater transparency, and strength to ultraviolet
354 rays, and high mechanical performance against impacts are required. For this reason, the
355 field of application of this thermoplastic material focuses on the automotive sector, espe-
356 cially for the manufacture of lighting components included in vehicle headlights. In par-
357 ticular, the trade name of the thermoplastic material used is Plexiglas 8N [49]. According
358 to the physical models analyzed in this manuscript, Table 2 shows the mechanical, ther-
359 mal, and rheological properties of this thermoplastic material according to the infor-
360 mation provided by the supplier and manufacturer.
361 Table. 2 Magnitude of the main properties of the material Plexiglas 8N
Nomenclature  Units Description Value
ap m?/s Thermal diffusivity 8.913-10
Op kg/m? Density 1172.5
Cp J/kg-C Specific heat 1555.0
Tmett °C Plastic melt temperature 235.0
Tmold °C Mold temperature 80.0
Teject °C Ejection temperature 94.0
Treeze °C Freeze temperature 132.0
b1 m3/kg Tait's dual-domain model coefficient 0.869-10°
b2 m3/kg Tait's dual-domain model coefficient 5.679-107
bs Pa Tait's dual-domain model coefficient 1.9492-108
b 1/K Tait's dual-domain model coefficient 0.004633
bs K Tait's dual-domain model coefficient 394.69
Ep MPa Elastic modulus 3300.0
Tp - Poisson’s ratio 0.38
CLTE 1/K Coefficient of linear thermal expansion 8.0-10°
[8[0)1 - Un - oriented refractive index 1.49
FSC cm?/dyne  Flow-induced stress — optical coefficient  -6.0-10"!
Thermally-induced stress — optical -4.6-1013
TSC cm?/dyne y P

coefficient
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362 Likewise, it should be noted that the manufacturing material can be subjected to a
363 chemical recycling process. In other words, this material, in addition to encountering the
364 requirements and specifications of the plastic part, is recyclable and maintains its original
365 mechanical, thermal, and chemical properties without compromising the sustainability of
366 the manufacturing process.
367 On the other hand, metallic materials have been defined as the main elements that
368 make up the injection mold systems. For the main insert of the injection mold, a steel alloy
369 called 1.2709 has been used. The selection of this metallic material is justified due to the
370 need to use a 3D additive manufacturing process, based on laser sintering (SLS) technol-
371 ogy, which allows the optical fabrication of green conformal cooling channels. In addition,
372 to optimize the cooling of the plastic part under study, it is proposed to use a high con-
373 ductive steel alloy — 50 at 44 HRC material for the auxiliary elements of the cooling system
374 [50]. The high thermal capacities and performance of this material, together with the loca-
375 tion and design of the auxiliary cooling elements, optimize the exchange thermical be-
376 tween part and mold. Especially, in those areas where the effectiveness of the cooling
377 channels decreases and the temperature gradients are greater. Table 3 and Table 4 present
378 several properties of the metallic materials used. The materials properties have been pro-
379 vided by the plastic suppliers.
380 Table. 3 Thermal, physical and mechanical properties of Steel alloy 1.2709
Description Units Value
Density kg/m?3 8000
Heat capacity J/kg'K 4.62-10°
Elastic modulus MPa 2.36-10°
Yield stress MPa 1016.0
Poisson’s ratio - 0.30
Coefficient of linear thermal expansion 1/K 1.29-10°
Thermal diffusivity m?/s 5.55-10°
Thermal conductivity W/m-K 29
381 Table. 4 Thermal, physical and mechanical properties of Fastcool - 50 at 44 HRC
Description Units Value
Density kg/m3 7810
Heat capacity J/keK 4.70-103
Elastic modulus MPa 2.07-10°
Yield strength 0.2% MPa 1070.0
Poisson’s ratio - 0.33
Mechanical resistance MPa 1400.0
Elongation % 17
Coefficient of linear thermal expansion 1/K 1.17-10°
Thermal diffusivity m?/s 1.35-10°
Thermal conductivity W/m-K 50
382
383 2.4.- Cooling channels design
384 In this section, it is described the design of the devices and channels of the traditional

385 cooling layout that is currently used for the industrial optical part under study. They have
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386 also presented the proposals for channels and elements of the cooling layout, based on the
387 concept of green conformal cooling channels (GCCC) and Fastcool inserts, which allow
388 the optimization of the cooling phase and the technological parameters and sustainability-
389 related to the manufacture of the complex part.

390 In the first place, the geometry and topology of the part have a direct influence on
391 the main parameters of the process using injection molds, such as cycle time, the temper-
392 ature map of the plastic part, the map of longitudinal warpage and residual stresses of the
393 plastic part after the cooling phase, the thermal performance of the cooling system and
394 the uniformity in the thermal exchange between the plastic part and the coolant flow. So,
395 these parameters have great relevance to the surface and dimensional quality of the plastic
396 part and in the energy required for its manufacturing. As shown in Table 1 and Fig. 2, the
397 plastic piece under study has a maximum thickness in the collimator area of 9.6 mm, while
398 the average thickness in the rest of the geometry is equal to 4.1 mm. That is, the thickness
399 ratio is equal to 2.34:1. Therefore, the manufacture of a plastic part with this thickness
400 variation is a challenge since, as the dimensions and thickness gradients in the plastic part
401 increase, the residual stresses, and longitudinal warpage increase similarly. In addition,
402 the area of the part with greater thickness presents an increase in the accumulation of heat
403 due to a slower cooling process. This variation in the temperature of the part generates an
404 increase in the cooling time and, consequently, a non-uniform shrinkage process. Like-
405 wise, the topology of the plastic piece makes it difficult for the cooling channels to access
406 the pillow region (see Fig. 1) due to the reduced dimensions of the pillows. The use of
407 traditional cooling channels in this area reduces the thermal exchange between the plastic
408 material and the coolant flow, as well as their thermal performance.

409 On the other hand, the geometric design of the cooling system also determines the
410 thermal and energy performance of the cooling phase of the plastic part. In particular, as
411 shown in Fig. 6, the plastic part has a traditional injection mold design based on straight
412 drilled channels. This traditional design must meet dimensional requirements that guar-
413 antee the structural integrity of the different elements and systems that make up the in-
414 jection mold. These requirements are the distance between cooling channels, the distance
415 between cooling channels and elements of the ejection system, and the distance between
416 cooling channels and the surface of the mold cavity. The diameter of the cooling channels
417 is 8 mm. The separation distance between the cooling channels themselves and the surface
418 of the injection mold cavity or any other element thereof is 16 mm, that is, twice the value
419 of the diameter of the cooling channels. In this way, the sizing and structural integrity
420 criteria established by the industry are met, with the minimum safety distance between
421 elements of the injection mold always greater than 10 mm. Fig. 6 and Table 5 show the
422 traditional design and magnitude of the geometric variables of the cooling system, for the
423 two cavities of the injection mold, whose manufacture is carried out using computerized
424 numerical control (CNC) techniques.

\(/)1nm

R

Straight drilled __/

cooling channels

425
426 Fig. 6 Straight drilled cooling channels design
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Table. 5 Geometric variables of the traditional cooling system design

Description Units Value
Cooling channels diameter mm 8.0
Distance between cooling channels and injection mm 16.0
Distance between cooling channels and ejection mm 16.0

Starting from the design and configuration of the straight drilled channels defined
for the current cooling system of the plastic part under study and, taking into account the
thermal and rheological properties of the thermoplastic material associated with it, using
Eq. 3 and Eq. 4, a predictive analytical calculation can be made of the maximum longitu-
dinal warpage obtained after the cooling phase and the total time that elapses during the
cooling phase. Table 6 shows the results obtained for said analytical calculation.

Table. 6 Results obtained from the cooling phase analytical model for the cooling system traditional
design

Description Units Value
Analytical total warpage mm 7.1
Analytical cooling time s 271.5

As can be seen, the analytical results (see Table 6) show that the plastic part under
study warps longitudinally by 7.1 mm with a time of the cooling phase equal to 271.5 s,
with a traditional cooling system. These analytical results do not meet the functional re-
quirements and geometric and dimensional tolerances established in the industrial sector
for optical plastic parts used in vehicle lighting systems. According to the industrial sec-
tor, the maximum longitudinal warpage should not exceed 1 mm. Likewise, the resulting
cooling time is very long, which implies an increase in cost and energy expenditure asso-
ciated with the manufacturing process and is contrary to sustainable manufacturing.
Therefore, the traditional tools, designs, and technologies for the manufacture and design
of the injection mold cooling system are limited and sometimes do not allow the functional
requirements and tolerances established by the industrial sector to be met. For this reason,
in this manuscript, a new design of conformal cooling channels adapted to the geometry
of the plastic part along with the use of auxiliary cooling elements such as Fastcool inserts
and the application of new SLS 3D additive manufacturing techniques aim to optimize
the cooling phase and the final quality of the plastic part, allowing the functional require-
ments and tolerances established for the plastic part under study to be achieved.

2.4.1- Green Conformal Cooling Channels Design

The design of the main elements that make up the cooling system of an injection mold
focuses on optimizing the dissipation of the heat flow from the plastic part in a uniform
manner and in the shortest possible time until it reaches the temperature of ejection. How-
ever, this process presents great difficulties and inconveniences in plastic parts with com-
plex surfaces, whose geometric and technological requirements, such as the case study,
are impossible to solve with traditional cooling elements or systems.

The conformal cooling channels allow these drawbacks to be solved since they are
capable of optimizing the free volume between elements of the injection mold and, thanks
to their SLS additive manufacturing process, reducing the distance between the cooling
channels and the surface of the plastic part, mainly in geometric areas of difficult access.
Likewise, in this manuscript, to improve this problem, a novel design of conformal cooling
channels is proposed (see Fig. 7), with a circular section, whose geometric arrangement



Polymers 2022, 14, x FOR PEER REVIEW 13 of 26

467 allows traversing the upper and lower region of the plastic piece, as well as the area con-
468 cave generated by the support to place the pillows in the correct position to project the
469 light coming from the collimators. On the other hand, although the application of confor-
470 mal channels for this geometric area is appropriate, sometimes the separation between the
471 channels and the surface of the mold cavity is not enough to dissipate all the heat flow
472 from this region uniformly. As a solution to this design problem, the use of Fastcool inserts
473 in combination with the use of conformal channels is proposed (see Fig. 8 and Fig. 9).
474 Fastcool inserts are characterized by being associated with a metallic material with a high
475 thermal transmission coefficient, which favors heat exchange in areas of the plastic part
476 where high temperature gradients accumulate. However, during the cooling phase, the
477 Fastcool insert exchanges a large amount of heat flow that it is not able to dissipate on its
478 own. The use of conformal cooling channels, in these cases, can be very useful, not so
479 much to directly cool the plastic part but to cool the Fastcool insert itself.

480 In this way, to evaluate the thermal performance of the application of conformal cool-
481 ing channels and Fastcool inserts, three different cooling system designs are proposed. A
482 design defined solely by conformal cooling channels, (see Fig. 7) and two hybrid designs
483 that combine conformal cooling channels and Fastcool inserts of different lengths, see Fig.
484 8 and Fig. 9. Table 7 shows the geometric features of the cooling elements used in the
485 proposed cooling system designs. It should be noted that the geometric parameters that
486 define the proposed cooling systems, conformal and hybrid, have been optimized and
487 adapted to the requirements presented by its own 3D SLS additive manufacturing pro-
488 cess, the geometric features of the plastic part under study and the own complexity of the
489 real injection mold with which the present case study is manufactured.

490

491

492
493 Fig. 7 Conformal cooling channels design
494
_— Conformal cooling channels f Fastcool inserts
495
496 Fig. 8 Hybrid cooling system design, Fastcool full bars
497

498
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B Fastcool inserts

P~ Conformal cooling channels

499
500 Fig. 9 Hybrid cooling system design, dashed Fastcool bars
501 Table. 7 Geometric variables of the traditional cooling system design
Hybrid coolin
) Hybrid cooling y 5
L. Conformal cooling system
Description system
system Dashed fastcool
Fastcool full bars
bars
Cooling channels diameter 9.0 mm - 6.0 mm 9.0 mm 9.0 mm
Distance between cooling channels and
o . 10.0 mm — 6.0 mm 10.0 mm 10.0 mm
injection mold cavity
Fastcool inserts diameter - 10.0mm -8.0mm  10.0 mm - 8.0 mm
Distance between Fastcool inserts and
L ) - 4.5 mm 4.5 mm
injection mold cavity
Distance between Fastcool inserts and
. - 4.5 mm 4.5 mm
cooling channels
502
503 Finally, by applying the methodology proposed in this manuscript unlike other cool-
504 ing proposals, it is possible to minimize the cooling time and improve the surface quality
505 of the plastic part under study, making as the result the manufacturing process sustaina-
506 ble using injection molds.
507 3.- Numerical simulations definition for the cooling system thermal modeling
508 In this section, the modeling process of the thermal and rheological numerical simu-
509 lations, carried out to analyze the cooling phase of the plastic part for each of the proposed
510 cooling system designs, is described. In this way, from the numerical results obtained, the
511 thermal performance and the thermal exchange produced between the elements of the
512 cooling system and the plastic piece are evaluated, as well as the temperature gradients,
513 longitudinal warpage, and resulting residual stresses, obtained along the surface of the
514 plastic part. All this is to verify whether the thermal performance of the proposed cooling
515 system designs meets the technological, functional, and dimensional requirements estab-
516 lished in the industrial sector for optical plastic parts included in automobile lighting sys-
517 tems. To carry out the different numerical analyzes carried out, the commercial simulation
518 software of the CAE type Moldex3D (R21 version, CoreTech System Co., Ltd., Zhubei
519 City, Taiwan) [50] was used.
520 The pre-processing and modeling phase of the numerical simulations begins with the

521 meshing operation and assignment of materials for the main computational domains of
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522 the injection mold: feeding system (Plexiglas 8N), coolant flow (Water), plastic part (Plex-
523 iglas 8N), Fastcool cooling insert (Fastcool 50) and injection mold (Steel alloy 1.2709). The
524 CAE commercial software used in this manuscript has a meshing tool, Moldex Designer,
525 from which the main features of the mesh are established, as well as the type and size of
526 the element used in the discretization of the geometries. Table 8 shows the features and
527 magnitude of the geometric parameters defined for the meshing process. Fig. 10, Fig. 11,
528 and Fig. 12 show the typology of elements used to mesh the main computational domains
529 of the injection mold. These finite elements are of the second-order tetrahedron type
530 (SOLID 186) and have 10 control nodes, which allows the resulting field of temperatures,
531 stresses, and longitudinal warpage to be modeled with greater precision. In addition, to
532 improve the calculation and modeling of the thermal exchange between computational
533 domains, 5 layers of second-order prismatic elements (SOLID 186) of the "Boundary Layer
534 Mesh" type with 15 control nodes are established. As shown in Fig. 10 and Fig. 12, these
535 elements are located on the surfaces of the plastic part and the cooling channels that are
536 in contact with the computational domain of the injection mold. The size of these elements
537 is established by the offset ratio geometric parameter, which is defined as a percentage of
538 the average size of the mesh element of each computational domain to which it belongs.
539 Table. 8 Mesh parameters for the standard, conformal, and hybrid cooling systems
Description Unit Value
Part mesh node count - 1,789,045
Part mesh element count - 4,494,911
Part mesh volume cm?® 269.18
Runner mesh node count - 8,435
Runner mesh element count - 7,616
Runner mesh volume cm3 0.16
Mesh sizing mm 0.75
Element type — Plastic Part - Tetrahedral (10
Element type — Boundary Layer - Prism (15 nodes)
Offset ratio — Boundary Lavyer mm 0.1

Tetrahedral element (SOLID [86)

Conformal cooling channels
(Water)

Prism element (SOLID 186)
Boundary layer offset ratio: 0.1
\ Boundary laver elements: 5.0
Straight dnilled channels

(Water)
540

541 Fig. 10 Cooling system meshes
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(Fastcool — 50 at 44 HRC)

Fastcool msert

Tetrahedral element
(SOLID I86)

Fig. 11 Fastcool insert meshes

Plastic Part
( Plc\iiglll.\‘ xN } }).ll‘ Ws

AN

Filling svstem
(Plexiglas 8N

Tetrahedral element
(SOLID 186)

Prism ¢element (SOLID [86)
Collimators  Boundary laver offset ratio: (.|
Boundary laver elements: 5.0

Fig. 12 Plastic part and filling system meshes

On the other hand, after the meshing phase, the magnitude of the thermal, rheologi-
cal, and technological parameters of the boundary conditions is established. The defini-
tion of these parameters allows simulating each of the different phases in which the man-
ufacturing cycle of the plastic part is divided. In this way, it is possible to model the path
of the molten plastic front along with the feeding system and injection mold cavity, the
crystallization and solidification of the thermoplastic material, the packing process of the
plastic part, and its subsequent cooling. Table 9 shows the magnitude of each of the de-
fined parameters, according to the specifications and recommendations established by the
manufacturer and supplier of the thermoplastic material. Furthermore, these technologi-
cal parameters established during the processing phase of the numerical simulations (see
Table 9) are those that can be defined in the real injection machine. Which allows, there-
fore, to generate a virtual manufacturing model of the plastic piece analogous to the plas-
tic injection process through its corresponding injection mold.

It should be noted that the magnitude of the flow inlet pressure to the cooling system
has been established to ensure that it develops in a turbulent flow, that is, that its Reynolds
number is greater than 1.5-10%. In addition, to compare the numerical results obtained for
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562 each proposed cooling system design, the flow inlet pressure to the cooling system has
563 been dimensioned so that the Reynolds number is equal to 4.0-104 in each numerical sim-
564 ulation.
565 Table. 9 Magnitude of the technological parameters defined for the numerical simulations
Description Units Study case — Plexiglas SN (PMMA)
Filling time S 2.5
Packing time S 18.0
VP switch-over (Volume filled) % 98
Melt temperature oC 240.0
Mold temperature oC 75.0
Ejection temperature °C 112.0
Coolant temperature oC 75.0
128.0 (99 mm)
Coolant flow rate cmd/s 113.8 (K8 mm)
85.3 (U6 mm)
Maximum injection pressure MPa 140.0
Injection pressure profile MPa 140 (0.0s — 2.5s)
Maximum packing pressure MPa 140.0
Packing pressure profile MPa 112 (0.0s — 18.0s)
566
567 The phase aimed at the preprocessing and definition of the numerical simulations
568 requires the establishment of the calculation or computation process following the criteria:
569 e  Transient cooling has been used to analyze the cooling of the plastic part over time.
570 e An analysis model of the evolution of the dynamic, thermal and physical properties
571 in the cooling channels has been followed according to the configuration: "Run 3D
572 Cooling Channels".
573 e A solver configuration methodology has been used for each analysis according to a
574 maximum variation of the mold temperature, establishing the values of 1 °C and 10
575 °C as a temperature difference parameter and maximum number of cycles.
576 e  For the turbulence model, it has been established using the roughness parameter in
577 charge of defining the surface that interfaces between the cooling flow and the sur-
578 face of the channels through which it circulates, this value being 0.02 mm.
579 e The effects of volumetric shrinkage of the mold, residual stress of the molten plastic
580 front, volumetric shrinkage caused by temperature gradients and longitudinal dis-
581 placements caused by said gradients have been included.
582 4.- Numerical results and discussion
583 After completing the pre-processing phase of the thermal and rheological simula-
584 tions carried out, we proceed to present, evaluate and compare the set of numerical results
585 obtained for each of the cooling system designs proposed. From there, it is possible to
586 determine the configuration of the cooling system that optimizes the cooling phase of the
587 plastic part under study and the one that improves the thermal performance and heat
588 exchange between the plastic part and the coolant flow. First of all, Table 10 and Fig. 13a,
589 Fig. 13b, Fig. 14a and Fig. 14b show the magnitude and distribution along the surface of
590 the plastic part of the resulting parameter “Max. Cooling Time”, for each cooling system
591 design analyzed.
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Table. 10 Maximum cooling time parameters for each cooling system designs

. . Max. Cooling Time Reduction Improvement
Cooling system design

[s] [s] [%]
Straight drilled channels 262.550 - -
Conformal channels and Fastcool full
95.391 167.159 63.668
bars
Conformal channels and dashed
90.578 171.972 65.501
Fastcool bars
Conformal channels 87.427 175.123 66.701
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Fig. 13 Maximum cooling time [s]; Straight drilled channels (A), Conformal channels — Fastcool full
bars (B)

Moidex

- | r— A | b Saees F fo—
N S g ST (Pt S A 58 0 v W 4 e, G400 b
et e e

Fig. 14 Maximum cooling time [s]; Conformal channels — dashed Fastcool bars (A), Conformal chan-
nels (B)
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602 From the resulting parameter “Max. Cooling Time”, obtained for the design of a tra-
603 ditional cooling system based on straight drilled channels, it is established that the ana-
604 lytical model used to determine the cooling time of the plastic part under study (see Table
605 6) is valid. According to the analytical model, the cooling time obtained is equal to 271.50
606 s, while the result obtained in the numerical simulations is equal to 262.55s (see Table 9).
607 In this way, the relative error associated with the calculation of the cooling time parameter
608 (see Eq. 3), obtained through the analytical model presented, is equal to 3.40%, taking as
609 reference the result obtained from the numerical simulations. Therefore, it is determined
610 that the analytical and physical model, proposed in this manuscript to analyze the cooling
611 phase of the plastic part, is admissible and validated, based on the resulting accuracy ob-
612 tained. Likewise, as shown in Fig. 13a, Fig. 13b, Fig. 14a, and Fig. 14b, the application of
613 conformal cooling channels and auxiliary cooling elements, such as Fastcool inserts, opti-
614 mize the cooling phase of the plastic part and significantly reduces the time associated
615 with this phase. In particular, according to the results obtained, the application of the pro-
616 posed cooling system designs improves the cooling time by 167.159 s (Conformal channels
617 and Fastcool full bars, see Fig. 13a), 171.972 s (Conformal channels and dashed Fastcool
618 bars, see Fig. 14a) and 175.123 s (Conformal channels, see Fig. 14b), concerning the result
619 obtained using the traditional cooling system design. This represents an improvement
620 percentage of 63.668% (Conformal channels and Fastcool full bars), 65.501% (Conformal
621 channels and dashed Fastcool bars), and 66.701% (Conformal channels), respectively (see
622 Table 10). In this way, the design based on conformal cooling channels minimizes the
623 magnitude of this variable, compared to the rest of the proposed designs, which in turn
624 implies a significant decrease in the cost and energy expenditure associated with the man-
625 ufacturing process of the plastic part. Next, Table 11 and Fig. 15a, Fig. 15b, Fig. 16a, and
626 Fig. 16b, show the magnitude and distribution along the surface of the plastic part of the
627 resulting parameter "Mold Temperature Difference", for each design of cooling analyzed.
628 Table. 11 Mold temperature difference parameter for each cooling system design
Cooling system design Mold temperature Reduction  Improvement
Straight drilled channels 23.135 - -
Conformal channels and Fastcool full bars 12.757 10.378 44.858
Conformal channels and dashed Fastcool bars 10.668 12.467 53.888
Conformal channels 4.972 18.163 78.509
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630 Fig. 15 Mold temperature difference [°C]; Straight drilled channels (A), Conformal channels —
631 Fastcool full bars (B)
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Fig. 16 Mold temperature difference [°C]; Conformal channels — dashed Fastcool bars (A), Confor-
mal channels (B)

Based on the results obtained, it is established that the designs of cooling systems
with conformal channels and Fastcool inserts improve the uniformity and homogeneity
of the temperature map along with the geometry of the plastic part. In this line, the mag-
nitude of the total temperature gradient is notably reduced, which makes it possible to
minimize the longitudinal warpage and residual stresses caused by the thermal effects. In
particular, according to the results obtained, the application of the proposed cooling sys-
tem designs improves the temperature gradient to 10,378 °C (Conformal channels and
Fastcool full bars, see Fig. 15a), 12,467 °C (Conformal channels and dashed Fastcool bars,
see Fig. 16a) and 18,163 °C (Conformal channels, see Fig. 16b), concerning the result ob-
tained with the traditional cooling system design. This represents an improvement per-
centage of 44.858% (Conformal channels and Fastcool full bars), 53.888% (Conformal
channels and dashed Fastcool bars), and 78.509% (Conformal channels), respectively (see
Table 11). As can be seen, the design of the conformal channel cooling system optimizes
the uniformity of the temperature map and reduces the temperature gradient of the plastic
part, compared to designs that include a Fastcool cooling insert. This is because Fastcool
inserts, despite being cooled with conformal-type channels, do not exchange heat flow
and dissipate it with the same effectiveness as a conformal cooling channel, despite being
located closer to the surface of the plastic part (see Fig. 7, Fig. 8 and Fig.9 and Table 7). In
other words, in the first moments of the cooling phase, Fastcool inserts quickly exchange
the heat flow with the plastic part, but they are not able to dissipate it through the injection
mold and the conformal cooling channel increasing its temperature and therefore decreas-
ing its thermal performance. In addition, according to the quality requirements estab-
lished in the industrial sector of injection plastic molds, it is recommended that the pa-
rameter corresponding to the mold temperature difference should be equal to or less than
10°C. As it shown in Fig. 16a, Fig.16b and Table 11, Conformal channels and Conformal
channels — dashed Fastcool bars fullfit this requirement.

Table 12, Table 13 and Fig. 17a, Fig. 17b, Fig. 18a, Fig. 18b, Fig. 19a, Fig. 19b, Fig. 20a,
Fig. 20b show the magnitude and distribution along the surface of the plastic part of the
resulting parameters "Total Warpage" and "Thermally Induced Residual Stress", for each
cooling system design analyzed in this manuscript.
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670 Table. 12 Total warpage parameters for each cooling system designs
Cooling system design Total warpage [mm] Reduction [mm] Improvement
Straight drilled channels 7.636 - -
Conformal channels and Fastcool full bars 1.070 6.566 85.987
Conformal channels and dashed Fastcool bars 1.067 6.569 86.027
Conformal channels 0.725 6.911 90.506
671 Table. 13 Thermally-induced residual stress parameter for each cooling system designs
Cooling system design Warpage stress [MPa] Reduction [MPa] Improvement [%]
Straight drilled channels 48.587 - -
Conformal channels and Fastcool full bars 12.743 35.844 73.773
Conformal channels and dashed Fastcool 10.219 38.368 78.968
Conformal channels 8.803 39.784 81.882

TP EE R RTOREEEE
FE PR ERERN§ES

2

we  Moldex
672 — Thy S ——— — " -
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676 Fig. 18 Total warpage [mm]; Conformal channels — dashed Fastcool bars (A), Conformal channels
677 (B)
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679 Fig. 19 Warpage stress [MPa]; Straight drilled channels (A), Conformal channels — Fastcool full bars
680 (B)

681

682 Fig. 20 Warpage stress [MPa]; Conformal channels — dashed Fastcool bars (A), Conformal channels
683 (B)

684 The results obtained for the "Total Warpage" and "Thermally Induced Residual
685 Stress" parameters confirm that the application of conformal cooling channels and
686 Fastcool inserts improves the final quality of the plastic part under study. In particular,
687 the resulting longitudinal warpage is reduced by a magnitude of 6.566 mm (Conformal
688 channels and Fastcool full bars, see Fig. 17a), 6.569 mm (Conformal channels and dashed
689 Fastcool bars, see Fig. 18a), and 6.911 mm (Conformal channels, see Fig. 18b), compared
690 to the result obtained with the traditional cooling system design. This represents an im-
691 provement percentage of 85.987% (Conformal channels and Fastcool full bars), 86.027%
692 (Conformal channels and dashed Fastcool bars), and 90.506% (Conformal channels), re-
693 spectively (see Table 12).

694 In addition, according to the quality requirements established in the industrial sector
695 of injection plastic molds, it is recommended that the parameter corresponding to the
696 mold temperature difference should be equal to or less than 10°C. As it shown in Fig. 16a,
697 Fig.16b and Table 11, Conformal channels and Conformal channels — dashed Fastcool bars
698 fullfit this requirement.

699 On the other hand, the residual stresses derived from temperature differences on the
700 surface of the plastic part are also significantly minimized to a magnitude of 35.844 MPa

701 (Conformal channels and Fastcool full bars, see Fig. 19a), 38.368 MPa (Conformal channels
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702 and dashed Fastcool bars, see Fig. 20a) and 39.784 MPa (Conformal channels, see Fig. 20b),
703 compared to the result obtained with the traditional cooling system design. This repre-
704 sents an improvement percentage of 73.773% (Conformal channels and Fastcool full bars),
705 78.968% (Conformal channels and dashed Fastcool bars), and 81.882% (Conformal chan-
706 nels), respectively (see Table 13). As can be seen, the conformal channel cooling system
707 minimizes longitudinal warpage and residual stresses of the plastic part after its manu-
708 facturing process. The magnitude of these variables comes, mainly, from the temperature
709 differences along the plastic part. And, as previously defined, conformal cooling channels
710 optimize the uniformity of the temperature map, minimize the temperature gradient of
711 the plastic part and maximize thermal efficiency during the cooling phase, compared to
712 designs that include a Fastcool insert.

713 Likewise, and analogously to the previously analyzed cooling time parameter, the
714 longitudinal warpage obtained using the physical and analytical model presented (see
715 Table 6) is close to the value obtained using numerical simulations, for the design of a
716 traditional cooling system. Specifically, based on the physical and analytical model pre-
717 sented, the longitudinal warpage obtained for the plastic part under study are equal to
718 7,356 mm, while the result obtained from the numerical simulations is equal to 7.636 mm.
719 In this way, the relative error associated with the calculation of the longitudinal warpage
720 (see Eq. 4), obtained through the analytical model presented, is equal to 3.667%, taking as
721 reference the result obtained from the numerical simulations. Therefore, it is determined
722 that the analytical and physical model, proposed in this manuscript for the determination
723 of the longitudinal warpage obtained after the manufacturing process of the plastic part,
724 is admissible and validated, based on the resulting precision obtained.

725 Finally, it should be noted that the design of the cooling system with conformal chan-
726 nels is the only one that meets the functional requirements and the geometric and dimen-
727 sional tolerances established by the industrial industry for optical plastic parts used in
728 vehicle lighting systems. Well, the longitudinal warpage associated with this design is
729 equal to 0.725 mm and does not exceed the limit value of 1 mm, established by the indus-
730 trial sector. Well, the longitudinal warpage associated with this design is equal to 0.725
731 mm and does not exceed the limit value of 1 mm, established by the industrial sector.

732 5.- Conclusions

733 The manufacture of parts of great length, slenderness, and high thickness ratios for
734 dimensional precision applications is practically impossible using traditional manufactur-
735 ing means in injection molding processes, respecting the precision and dimensional spec-
736 ifications of the current industry. The warpage in molded plastic parts depends funda-
737 mentally on the differential shrinkage caused by temperature gradients along their sur-
738 face in the cooling process. This fact is accentuated to a greater extent in pieces of great
739 length since in these cases small temperature gradients can give rise to large longitudinal
740 warpage located mainly at the ends of the piece. Warpage influence the number of rejected
741 parts, greatly impacting the sustainability of the production process. Injection molding is
742 focused on large-scale industrial manufacturing, so a poor definition in the design of the
743 tooling of a piece can lead to enormous economic and environmental losses.

744 The paper presents the use of conformal cooling layouts as a way to reduce cycle
745 time, temperature gradients on the part surface, longitudinal warpage, and residual
746 stresses in the manufacture of highly complex parts with high dimensional requirements.
747 Likewise, the research carried out by the authors analyzes the influence of the use of
748 Fastcool inserts in combination with conformal cooling layouts in reducing warpage in
749 parts with geometry sensitive to this parameter. The results of the research indicate that
750 the use of conformal cooling layouts reduces the cycle time by 175.1 s, 66% below the
751 current cooling time used to manufacture the part through traditional cooling. Concern-
752 ing the temperature gradient, it improves by 18.16 °C, being 78.5% better than the current
753 temperature gradient. Finally, the proposal presented by the authors manages to reduce

754 the warpage by 6.9 mm or 90.5% of the current value, achieving final warpage of 0.72 mm,
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complying with the maximum warpage value required by the industry of 1 mm. The re-
sidual stresses have decreased by 39.78 MPa, 81.88% below the current values obtained
with traditional cooling. The results validate that the design of the cooling system with
conformal channels improves the uniformity of the temperature map of the plastic part,
reducing the temperature gradient along the surface, improving the results of the produc-
tion process, compared to the use of highly conductive inserts of the Fastcool type. This is
because Fastcool inserts, despite being cooled with conformal channels, are not capable of
exchanging and dissipating the heat flow generated with the same effectiveness as a con-
formal cooling channel, despite being located much closer to the surface of the plastic part.

Conformal cooling systems are presented as a valid and adequate proposal for the
solution of current warpage problems in molded plastic parts where it is highly complex
to obtain the dimensional requirements required by the industry. The geometric features
for injection molding analyzed in the paper are especially important given that growth in
the demand for parts that include these features is estimated [46-47] in the coming years.
The results obtained by the authors mark a turning point in the manufacture by molding
of this type of highly complex plastic topologies. The results in terms of a decrease in the
production cycle time, decrease in carbon emissions, the number of rejected parts, and
energy expenditure, place the results of the authors totally in line with the criteria of in-
dustrial sustainability demanded by the European Union as well as in the set of industri-
alized countries.
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