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a b s t r a c t

The introduction of additively manufactured conformal cooling inserts in steel moulds for

plastic injection is becoming a recommended standard. Fine adjustment of the tempera-

tures in the mould has demonstrated potential to reduce cycle times and to increase

production volumes. Within this context, the present article explores the historical pro-

duction data of a commercially produced part, before and after the incorporation of an L-

PBF conformal cooling insert, to analyse what is the quantitative real effect on the effi-

ciency of the production runs. The article analyses the change in the global rejection rates,

and its effect over four different product defect types, i.e.: optical (surface), part integrity

(bubbles, transparency, geometry), incomplete fill-in (interior), and breakages during

extraction. The results demonstrate a specific decrease on the average appearance (from

20.53% to 13.48%; reduction of 7.05%) and variability (standard deviation from 14.16% to

6.81%; reduction of a 7.35%), of the global scrap rates, and a significant decrease in the

scrap rates generated by optical defects and extraction part breakages. The article also

characterises the former and the new processes by adjusting two distribution functions

(Pareto Type-I and Weibull) and compares different estimates for the global expected scrap

rates in past and future production runs.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Injection moulding operations have a large share of pro-

cessing time dedicated to the cooling of the injected material.

In the general case for plastic parts, this share remains being

up from 50% to 70% of the total processing time [1]. The

introduction of conformal cooling channels (CCC) in steel

moulds for plastic injection has been prescribed during the

last years as a most advised standard for improving the

moulds capabilities, thus boosting the production capacities,

and achieving moulded products that were impossible to

obtain beforehand [2]. And the introduction of additive

manufacturing and associated technologies to obtain such

CCC in mould inserts has shown to be an excellent manner to

unleash the attainment of such moulding new capabilities

[3e8].

To this respect, it is feasible to obtain CCC with many

different AM processes, either with direct or indirect fabrica-

tion [9]. For instance, polymer AM has been presented as a

procedure capable to produce soft inserts for injection

moulding [10] and have claimed energy and time consump-

tion during production to be significantly lower. However, as

polymeric inserts lifetime is significantly shorter than that of

metallic inserts; multiple inserts are generally needed tomeet

a specific production batch size [11,12].

Apart from these examples, the use of Laser Powder Bed

Fusion (L-PBF) AM, such as Selective Laser Melting (SLM), in

which metallic powder is laser-processed layer-by-layer, is

one of the most significant procedures to obtain almost fully

dense metal inserts [13e17]. Indeed, hybrid L-PBF (combining

laser AM and subtractive processes) is regarded as the future

direction of manufacturing for obtaining high dimensional-

accuracy moulds incorporating CCC, although there is still a

large potential to reduce costs and to raise efficiency [18].

In this context, most of the characterisation efforts for the

results of such paradigm change have been discussed at a

prior evaluation level [19], at a prototype level (conveying

simulation and/or physical demonstration) [20e23], at a case

study level [24,25], and even at a production set-up level [26].

Nevertheless, there is a lack of studies targeting real

manufacturing results data series. In this sense, it is pertinent

to assess a relatively long historical production data of a

commercially produced part, before and after the incorpora-

tion of an AM conformal cooling insert, to analyse what is the

quantitative real effect on the efficiency of the production

runs.

Therefore, the present article analyses the overall rejection

rates of a commercial product manufactured via injection

moulding, as well as the behaviour of four different product

defect types comparing the situation before and after intro-

ducing such AM insert containing CCC. The initial hypothesis

of the redesign is that global scrap rates will be reduced sus-

tainably over time, aswell as the types of defects related to the

temperature behaviour of the set. The paper also character-

ises the former process and the latter process finding an

adjustment regarding two distribution functions as a proxy to

understand the nature of the changes in the behaviour of the

process. Finally, it compares confidence intervals for the

global expected scrap rates in future production runs.
1.1. Utilisation of AM inserts containing CCC

Utilising AM inserts containing CCC have demonstrated

yielding many advantages. The most notorious of them is

probably the freedom of design of the geometries, which is of

particular interest when addressing complex designs. In

particular, the use of SLM enables doing so without compro-

mising the mechanical properties achieved [27e30]. Indeed,

such channels can work variable depths, lengths, and widths

along the paths, following organic splines near to the surfaces

that need to be cooled. Thin walls down to 0.3 mm have been

reported to be possible depending on the application [31]. All

this, considering that L-PBF cooling channels will have not the

same behaviour and capabilities as drilled channels [32], with

dimensional accuracy depending heavily on the channel

orientation respect to the build direction [33], and with hori-

zontal channels demonstrating the poorest dimensional ac-

curacy due to the lack of supports in the central overhanging

regions [34], which lead the top roof of them to have a typically

rough profile like fluffy cotton reaching values of surface

roughness in the Ra range from 15.4 mm to 26 mm [35]. Indeed,

the roughness levels in the interior of the CCCwill be crucial to

improve the heat transfer efficiency of the mould, which is

complex as the metal AM processes yield as-built surfaces

that are far from the values considered to meet common in-

dustry requirements [36].

To this respect, Metal AM surface roughness optimisation

can be tackled via best practices on selecting processing pa-

rameters [37e39], or by the tuning of L-PBF processes, for

example utilising a dual laser setup [40]. Additionally, some

post-processing can be applied for optimizing the surface

finishing in the complex internal channels, normally

involving abrasive flows and/or of chemical attack. However,

even surface texture characterisation of AM components is a

challenge, as the nature of their surfaces trials the users in

selecting an appropriate parameters of cut-off wavelength

(lc), evaluation length (ln), and measurement areas [41]. Also,

measuring roughness and waviness throughout CCC is com-

plex to be conveyed non-destructively, as many surfaces can

be hard or impossible to reach. Techniques such as X-ray

computed tomography (XCT) [42] are key to ensure a suitable

level of characterisation and control.

In any case, from the design point of view, the tool-less AM

production nature enables quick iterations, and almost every

geometry designed is possible to be manufacturable. The use

of internal lattice structures makes possible to reduce pro-

duction times and material use, which in turn reduces costs

[7]. As stated previously, it is combinable with traditional

manufacturing processes, for example, to obtain hybrid ge-

ometries and to incorporate benefits of postprocessing tech-

niques [18,43e46].

Moreover, the refrigeration using such CCC allows a fine

adjustment of the temperature distribution in the critical pla-

ces of the mould operation, yielding cycle times reduction

[47,48], and therefore a potential increase in production vol-

umes. Consequently, the overall productivity is expected to be

optimised, thus lowering the relative cost per part. In partic-

ular, some initial studies of AM tooling inserts yielded figures of

reduction in the cycle time up to 15% [49], although more
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recently it is being acknowledged that the total reduction can

range between 15% and 20% with proper design of the CCC

spacing, optimised pipe diameter and the selection of an

optimal coolant flow rate [1], or even up to a 35% in certain

applications [50], aswell as a 24% reduction in cooling time [22].

Finally, concerning durability, several studies also reported

that, in metallic moulds incorporating CCC, hardness, tensile

strength, and resistance to corrosion over time is extended

[51e53], thus extending its useful life [54], and making

possible a reduction of the relative contribution to each pro-

duce part of the fixed costs associated with the development

of the moulds and inserts. However, ductility and fatigue life

depend mostly on surface and internal defects, and often

found to be poorer [55,56]. In this sense, given the high tooling

costs, such developments are specially indicated for long-run

production products, capable of finding a breakeven point

before reaching the actual intended batch size [57,58].

1.2. Specification and characteristics of the targeted
defect types

According to the production procedures followed at the com-

pany production site of the targeted part of the study (SACOPA-

Fluidra group, Barcelona, Spain), the production defects

generating scrap are specified into four main different groups

of defect types. These four big groups of defect types are the

following: (1) defects in the exterior, (2) defects in the interior,

(3) integrity, and (4) damages due to the breakages when

extracting the produced parts. These types of defects, which

are illustrated in Fig. 1, are described in the following sub-

sections, and are very related to the fact that the objective part

is transparent and is normally installed in a very visible place.

1.2.1. Defect type 1: surface defects (spots and superficial
finish)
The first group of type of defects concerns the parts considered

flawed due to the existence of superficial imperfections, such

as superficial spots, scratches and other deficiencies on the

surface that affect the part exterior appearance and shine.

These types of defects can be caused by a flow instability (such

as plastic moving at different speeds) close to the free surface

during the filling stage of the mould [59]. The causes could be

linked to insufficient injection speeds and/or injection pres-

sures, whichhave been recalled conveying anticipatedmaterial

setting.

Placing the material entrances to the mould in areas in

which the material must run the shortest possible displace-

ment is seen as a positive aspect to address this sort of issues.

Also, another the suggested response is to increase both

mould andmaterial temperatures prior to the fill-in operation.

Therefore, as the CCC will locally modify the temperatures in

some mould areas, it will be of interest to see if there is any

significant change in the occurrence of this defect type.

1.2.2. Defect type 2: integrity defects (bubbles, transparency,
geometry)
The second group of types of defects includes all parts

considered not acceptable due to flaws in the interior of the

injected material. This mainly includes bubbles and confined

gases in the interior; as well as drawholes, and other aspects
such as dyedmaterial that affect the transparency levels of the

parts. Sorts of defects such as interior bubbles and/or weld line

shrinkage change the density of the sample at their locations.

So that, the density distribution (which should be uniform) and

the average density of the part are therefore affected by these

defects [60]. This sort of defect can be caused by high melt

temperatures during the injection, producing gas inside the

moulds, as well as insufficient back pressure or oversized

decompression. For this reason, it will be of interest to evaluate

the impact of the introduction of CCC in termsof if therewill be

any significant change in the occurrence of this defect type, as

the insert will modify the temperatures in some mould areas.

On different terms, it has also been reported that this sort of

defects could be caused by the moisture absorbed by the raw

material prior to its utilisation [61], although this cause of

defect does not relate directly to the injection moulding oper-

ation and should be controlled separately prior to the mould

processing. Lastly, this category of defect also includes the

number of parts that have been reported to be out of geomet-

rical specifications. However, the occurrence of this subset in

the initial situation is very reduced -only 32 parts out of the

total were reported to have this condition-, letting this to be a

marginal occurrence throughout the covered study period.

1.2.3. Defect type 3: incomplete fill-in
The third group of types of defects focuses on the parts that

are not completely constructed (some material is missing).

General process experience describes that this sort of defect

can occur if the entrances are not wider enough or if they get

blocked. Also, if air pockets are imprisoned during the mate-

rial injection or if the injection pressure is insufficient. Finally,

material viscosity and mould temperature are also defining

factors. As most of these parameters can be controlled during

the process design stage, the rates for this type of defect have

historically accounted for a stable figure. Again, as the CCC

will locally modify the temperatures in some mould areas, it

will be of interest to see if there is any significant change in the

occurrence of this defect type.

1.2.4. Defect type 4: breakages when extracting the injection
parts
Finally, given the specific part targeted in the present article,

there is a fourth defect type that is relevant to be assessed

separated than the rest, as in the historical record had a

noteworthy appearance. This type of defect is that of parts

that suffer a breakage during the extraction from the mould

(cracking during part removal), causing the part to be not

useable for its envisaged function.

This sort of defect can be caused by the geometry of the

part, especially if it contains sharp corners that could accu-

mulate stress, being one of the most appropriate solutions to

introduce changes on the part geometry. If the geometry

cannot be extensively modified, another possible solution can

be to modify the mould temperature distribution, so to avoid

the material to be stick to the mould and to degrade after the

fill in into a specimen that can be broken during the operator

handling.

This type of defect is the one that originated the idea to

introduce a CCC to reduce the rates of parts that were to be

scrapped.

https://doi.org/10.1016/j.jmrt.2023.02.164
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Fig. 1 e Examples of parts with the different types of defects according to the production facility specification: (a) Surface, (b)

Integrity, (c) Incomplete fill-in, and (d) Breakage from extraction.
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2. Materials and methods

The study focuses on the analysis of the production data

accumulated during more than one and a half years of real

manufacturing of a single injection moulding part type in a

single industrial production site (SACOPA-Fluidra group, Bar-

celona, Spain). In approximately half of this time the pro-

duction was performed using with an insert without

conformal cooling means (initial period), while the rest of the

manufacturing responds to the introduction of a conformal

cooling insert in the mould (final period).

In both periods the part geometry and quality requisites

stayed invariant, as well as the rest of the utilisation of pro-

duction means, being the specifically designed conformal

cooling insert introduction, the only modification undertaken

in the process.

2.1. Specifications for part and moulds

The part object of the present study is a plastic funnel

utilised in the assemble of a food conduction element. The

part is produced in transparent Co-polyester EASTAR (TM)

DN011 (Eastman Chemical Company (Kingsport, Tennes-

see)), and therefore the possible defects are easy to be iden-

tified both in its interior and its exterior. Also, this part is

assembled in a visible section of the set; thus, the optical

appearance of the part is of vital importance for the quality

validation. Images of the part to be produced can be found in

Fig. 2.

The utilised polymer provides a Tensile Stress of 45 MPa at

Yield, and of 44 MPa at Break. With Elongations of 5% at Yield,

and 250% at Break. The Flexural Modulus is of 1950 MPa, the

Flexural Strength is of 66.5 MPa and the Optical total trans-

mittance of a 90% [62].
Fig. 2 e Objective part to be produced
To produce the targeted part, the injection moulding

operation is undertaken in a KraussMaffei 500Tn injection

machine (KraussMaffei Group (Munich, Germany)), with a

maximum injection pressure of 184 MPa, and cooled by water

at a constant flowrate of 2.5 bar. The mould contains a single

cavity, which can be at 15e40 �C following the materials

specifications, whist the mould processing melt temperature

is to be in the range of 250e270 �C. The drying temperature is

of 75 �C and theMould shrinkage parallel to flow is expected to

be of 0.004 mm/mm. The mould is designed for very long se-

ries of injection and requires having a high resistance to

corrosion to ensure a long-lasting durability. Therefore,

following the internal company directives, the material uti-

lised for the cavities is Corrax® (Uddeholm (Hagfors, Sweden))

treated as Aged Steel with a Hardness of 46e48 HRC, and the

material utilised for the insert is Stavax 1.2083 ESR (Uddeholm

(Hagfors, Sweden)) Hardened to 50e52 HRC.

With these production means (see Fig. 3), and with the

initial moulds not incorporating CCC in the insert, the initial

injection moulding operation is performed in a total of 105 s,

of which 2.8s correspond to the filling in time, 6s to the

packing time, and 75s to cooling time.

After the injectionmoulding part is produced, an assemble

with several other components is performed, which normally

includes some thin-walled metal parts (laminates) as well as

other injection moulded parts (mainly a hat and a cover). The

parts are packed in carton boxes and placed in Europallets,

forming in each case 4 layers of 13 boxes (total of 52 assembled

sets per pallet).

2.2. Design and integration of the conformal cooling
insert

The design of the insert utilised to obtain the targeted part

geometry includes walls which are relatively tall (60 mm
: (a) 3D model, (b) Injected part.
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Fig. 3 e (a) 3D model of the insert (in red) in context of some solids of the mould (grey), and a shade representation of the

injected part, (b) Detail of the interior of the mould, containing the insert without incorporating conformal cooling channels.
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approx.) and thin (10 mm approx.), which complicates the

refrigeration in the areas that are the most distant to the

mould base. In this context, a hybrid insert [ [63]w [54]] is pre-

scribed, having the base to be manufactured via machining

operations plus a top-section to be undertaken via L-PBF. The

details of this arrangement can be visualised in Fig. 4.

2.2.1. Design of conformal cooling channels and simulation of
the operating conditions
The base section of the insert includes some machining op-

erations that open standard cooling channels to be utilised

with pressurised water. Therefore, new cooling channels in

the top section can be connected to those of the base to create

a conformal cooling water flow in the top section of the new

insert. The geometry of the cooling channels designed is

presented in Fig. 5, and it reaches a minimum distance of

3.13 mm to the plastic material to be filled in the mould.

To assess the potential outcomes that could be achieved by

the installation of an insert incorporating this CCC design,

several simulations (stress, flow and thermal) were under-

taken using Moldex3D software (CoreTech System Co., Ltd.

(Taiyuan St. Zhubei City, Taiwan)), both with the original

insert and to the newly redesigned one. The working condi-

tions for the simulation of the new insert were kept the same

as to the ones in the original case; namely: melt temperature

of 270 �C, initial mould temperature of 25 �C, cooling medium

(water) temperature of 20 �C and 40 �C (at the intake and

outtake of the mould). As the first intention with the intro-

duction of the insert was to find a solution to reduce the defect
Fig. 4 e Cooling insert geometry and manufacturing process pres

between Top section and Base.
types of breakages during extraction (Type 4), the first simu-

lation maintained the same operating times of the initial case

(injection moulding operation to be performed in a total of

105 s, of which 2.8s corresponded to the filling in time, 6s to

the packing time, and 75s to cooling time).

The results of the simulation revealed a big potential

decrease in temperature of the mould in the areas in contact

with the plastic melt, thanks to the most improved cooling

behaviour. After 84s of operation, it was reported an impor-

tant decrease from an initial temperature of approximately

85 �C in the hottest areas to a figure of approximately 40 �C in

the same areas in the latter case (see Fig. 6).

2.2.2. Manufacturing of the insert
The material removal in the Base section was produced via

machining a raw cylindrical inox steel block ofmaterial 1.2709

ESU (Uddeholm (Hagfors, Sweden)), capable of working at

temperatures from 20 �C to 400 �C. The milling operations

were performed in a 3-axis machining centre Deckel Maho

DMC 64V linear, (DMG MORI EMEA GmbH (Bielefeld, Ger-

many)). Then, AM L-PBF technology was applied to the top

section, using Corrax® AM material (Uddeholm (Hagfors,

Sweden)) which has been reported to yield enhanced strength

and corrosion resistance on complex hybrid plastic injection

moulds [54]. The AM machine utilised was a Selective Laser

Melting EOS M290 machine (EOS GmbH (Electro Optical Sys-

tems) (Krailling/Munich, Germany)) with a prescribed resolu-

tion of 0.03 mm (layer height). According to the material

provider specifications, the utilised AM raw material
cription: (a) Isometric view of the design, (b) Differentiation
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Fig. 5 e (a) Conformal Cooling Channels design, (b) Top view of the insert, (c) Conformal cooling channels distances to the

plastic part in section A, (d) Conformal cooling channels distances to the plastic part in section B.
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composition contains (wt. %) C (0.03), Si (0.3), Mn (0.3), Cr

(12.0), Ni (9.2), Mo (1.4) and Al (1.6).

The utilised machine facilitates an operating construction

volume of 250 � 250 � 325 mm3 and uses as a laser source an

Yb fibre laser. The process parameters were set following the

material manufacturer indications, i.e.: the laser power was

set at 170W, the scanning speed at 1250 mm/s, the scanning

strategywas stripedwith an overlap of 10% from0.10mm, and

the hatch pattern choice that of a direction of scanning

rotated 67� between consecutive layers (default option for

DMLS EOS equipment). As the insert had to be completed

applying SLM to the previously manufactured base, the nat-

ural placement in the construction platform of the machine

was placing the base lying flat (in the plane XeY) and con-

structing the top section layer-by-layer in the Z-direction

(layer height set at 30 mm). The total build time of approxi-

mately 70 h for completing the top section of the insert on its

raw geometry.
Fig. 6 e (a) Temperature distribution in the contact surface with

distribution in the contact surface with the plastic melt for the
2.2.3. Post-processing operations
The insert prepared is to have direct contact with the internal

and external surfaces of the injected parts, which will also be

visible as the co-polymer raw material utilised is transparent.

This implies that before its integration into the mould, the

insert requires undergoing several finishing operations. To

this respect, the metallic insert geometry after the L-PBF

operation presented an excess of material of 1 mm in all the

external directions, specially aimed for allowing post-

processing operations [64].

The manufactured insert geometry can be easily detached

from the construction platform without the need of a cross-

cut operation, as the AM process is conducted over the pre-

viously machined base (see Fig. 7). At this stage, no defects of

cold or incorrect joint between base and top section were

reported.

The material excess was removed via postprocessing by

finishing milling in the 3-axis machining centre Deckel Maho
the plastic melt for the original insert, (b) Temperature

final insert design.
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DMC 64V linear, (DMG MORI EMEA GmbH (Bielefeld, Ger-

many)) and by electrical discharge machining in an ONA

HS400 (ONA Electroerosi�on S.A. (Durango, Spain)). The as-

printed microstructure of the insert is a nickel martensite

with about 20% retained austenite. Therefore, the insert was

heat-treated with a solution annealing at 850 �C for 30min and

then cooled quickly to transform the retained austenite to

martensite, and again heat-treated (ageing) for 4 h at 525 �C to

achieve a hardness of 50HRC. The cooling was performed

leaving the parts in air until they reached the ambient tem-

perature. As anticipated by the material provider, the ageing

caused a small and uniform contraction in all the part's di-

rections of 0.07%, which had already been incorporated in the

dimensional design of the range of tolerances of the insert.

The final geometry is depicted in Fig. 7 (b).

2.3. Production runs and production data

To guarantee the meaningfulness of the study, the present

analysis includes all production runs undertaken during the

period contained between the January 7, 2020 and the July 18,

2022. This period accounted for a total figure of 21

manufacturing orderswhichwere accomplished in 57 different

production days. The first 11 manufacturing orders analysed

correspond to production before utilising the cooling insert

prescribed (total of 31 manufacturing days), whilst the 10 final

orders correspond to production after introducing the cooling

insert prescribed (total of 26 manufacturing days). The first

production date with the new insert was the 6th of July of 2021.

The historical data collected was curated to present the

scrap rates generated in the overall and per type of defects

analysed in an easy manner and can be retrieved in the Ap-

pendix A: Production data tables (Tables A1, A2 and A3).

2.4. Statistical analysis and tests for the goodness of fit

The statistical analysis undertaken has been performed

though the Statistics and Machine Learning Toolbox con-

tained in Matlab 2020b 9.9.0 (The MathWorks, Inc. (Natick,

Massachusetts, US)). The data has been treated independently

into two subsets that relate to their condition of being ob-

tained before and after the introduction of the insert. For each

subset, general statistical parameters have been calculated

and compared. The histogram of each subset is assessed

against six statistical distributions via three different fit tests

to determine whether each candidate distribution could

generate the actual data with a very demanding probability of

error of maximum 5%. The three fit tests used have been

Anderson-Darling, Chi-square, and Kolmogorov-Smirnov,

which are useful to assess different characteristics of the

data covered. To this regard, Anderson-Darling analyses the

differences between the cumulative probability of the data

(cumulative number of defects) and that of the proposed dis-

tribution (cumulative distribution function). Chi-square cal-

culates a theoretical histogramof the distribution of the actual

data, and it compares it with that of the data. Since histo-

grams are a representation of probability density, Chi-square

is a test based on the probability of defects. Finally,

Kolmogorov-Smirnov is based on the differences between the

accumulated probabilities, but unlike Anderson-Darling's, it
seeks only the maximum difference, while Anderson-Darling

makes a weighted sum of all the differences. Therefore,

Anderson-Darling can be more robust than Kolmogorov-

Smirnov to outlier (unexpected) data, in which, if there is a

single abnormal point, the test is no longer passed.
3. Results and discussion

3.1. Analysis of the general production scrap rates

Direct inspection of the time series plot of the Total produc-

tion Scrap rates over the 57 production days analysed reveals

that the introduction of the insert indeed had an impact on

the production outcomes (see Fig. 8).

The reduction of the global production scrap rates was an

original hypothesis that led to the design and introduction of

the cooling insert in the mould. The data reveals a general

reduction of rejection rates after the introduction of the insert,

as well as a more homogeneous distribution of them. The

original hypothesis can therefore be quantified and validated

in terms of the variations observed in the Averages and

Standard Deviations of the global production scrap rates

Before and After the introduction of the insert. Table 1 reflects

significant reductions on both parameters (34.3% and 51.9%).

The reduction of the Standard deviation of the global scrap

rate is very relevant in the context of the production runs

because it narrows the confidence intervals of the required

production times, making it possible to schedule tighter pro-

duction dates. In particular, the planning of the injection

moulding production in this industrial case used to incorpo-

rate a certain amount of extra time for buffering the defects

non-productive time. Thismeans that being capable to prepare

more accurate predictions of the real manufacturing times will

directly yield higher Overall Equipment Effectiveness (OEE)

rates.

With the objective of finding a suitable statistical distri-

bution adjustment, several probability distributions are pro-

posed; namely: Normal, Weibull, Lognormal, Exponential,

Pareto Type I, and Beta. As the actual data is processed via

histogram, each of these distributions are assessed to analyse

each individual goodness of fit (see Fig. 9). Once the statistical

distributions are laid, three different fit tests are undertaken

to determine whether each candidate distribution could

generate the actual data. The plots regarding these statistical

distribution function analyses are presented in Figs. 10 and 11,

and the outcomes of the statistical distribution normality

tests of the global production scrap rates before and after the

introduction of the insert for the three calculation methods

are presented in Table 2.

3.1.1. Global scrap ratio before the introduction of the insert
The level of defects before the introduction of the insert

demonstrated a relatively high scrap ratio combined with a

high variability. As it can be seen in the data tables in the

Appendix and in the figures and tables fromprevious sections,

the maximum scrap rate in the series was a percentage of a

63.38%, whilst the minimum scrap rate was of 4.76%, and the

average scrap rate was an 19.05% while its Standard deviation

ascended to a 14.16%. These quite large percentages of defects
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Fig. 7 e Cooling insert object in different stages of its manufacture: (a) Raw geometry obtained by PBF-AM, (b) Insert after

undertaking the postprocessing operations (milling and abrasive polishing).
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lead to rate the production process as a very inefficient in

terms of produced output.

In terms of modelling this behaviour with a statistical

distribution, symmetrical arrangements such as the Normal

distribution should be avoided due to the nature of the data

(negative values of scrap are not expected). From the other 5

distributions evaluatedWeibull, Exponential, Pareto, and Beta

provide relatively good visual adjustments of both probability,

cumulative distribution, as well as in residual results. Con-

cerning the normality tests at 95%, the most well positioned

distributions are Exponential and Pareto. As Pareto Type-I can

deal well with numerical sets showing large tail areas (prob-

ability function decreasing slowly along the occurrence per-

centage), this distribution is selected for the fit with

parameters k ¼ �0.375784 [�0.645299, �0.106269] and

s ¼ 0.278744 [0.182572, 0.425577], corresponding to the pa-

rameters of scale and shape of such statistical distribution.

3.1.2. Global scrap ratio after the introduction of the insert
The level of defects after the introduction of the insert dem-

onstrates a relatively lower scrap ratio than in the previous

case, combined with a lower variability. As it can be seen from

the data, the maximum scrap rate in the series was a per-

centage of a 28.80%, whilst the minimum scrap rate was of
Fig. 8 e Time series plot of the Total production Scr
3.70%, and the average scrap rate was an 14.21% while its

Standard deviation was kept to a 6.81%. In this case, these

percentages lead to rate the production process as more effi-

cient in terms of output.

In terms of modelling this behaviour with a statistical

distribution, symmetrical arrangements such as the Normal

distribution should also be avoided due to the nature of the

data (negative values of scrap are still not expected). From the

other 5 distributions evaluated, only Weibull, Lognormal, and

Beta provide relatively good visual adjustments for probability

and cumulative distribution. Concerning the normality tests

at 95%, the 3 distributions Weibull, Lognormal, and Beta are

properly positioned to provide suitable models. Considering

the adjustment of residual results, a Weibull distribution fit

with parameters A ¼ 0.152798 [0.126595, 0.184426] and

B ¼ 2.15907 [1.60207, 2.90972] is selected as the best proxy for

the process after the introduction of the insert, being A the

scale and B the shape parameters of such distribution.

3.2. Analysis of scrap rates per type of defect

The statistical analysis of the variation of scrap rates per type

of defect before and after the introduction of the insert has

again been conducted via the main statistical indicators
ap rates over the 57 production runs analysed.
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Table 1 e Averages and Standard deviations of the global
production scrap rates Before and After the introduction
of the insert and their associated variation rates.

Global Production
Scrap rates

Average Standard
deviation

Before insert 20.53% 14.16%

After insert 13.48% 6.81%

Variation rates �34.3% �51.9%

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 5 4 2 3e5 4 3 9 5431
(Averages and Standard deviations, see Table 3) and as the

best fit to a statistical distribution (See Fig. 12). The main

findings are described in the following sections.

3.2.1. Surface defects scrap rates analysis (defect type 1)
In terms of relative occurrence, the superficial defects were the

most common type of defect in the initial production settings,

accounting for a total average of an 8.95% of defects reported in

the period. Before the introduction of the insert, the Standard

deviation of the occurrence of this type of defect was also

relatively high, accounting for a figure of a 7.35%. However,

once the insert was installed, both Average and Standard de-

viation figures for the scrap rates reduced dramatically to

levels approximately half of the initial ones (see Table 3).

Concerning the statistical adjustment, comparing the histo-

grams for the cases before and after the introduction of the

insert, it can be inferred that the same distribution adjustment

that in the global case can be made for this type of defect (i.e.:

Pareto Type-I for the former, and Weibull for the latter). This

information is presented graphically in Fig. 12.

3.2.2. Integrity scrap rates analysis (defect type 2)
Regarding integrity (Type 2 defects), this was a sort of defi-

ciency that bore the least percentage of occurrence (average of

2.92%), and it is the only one that has experienced and in-

crease on the percentage of occurrence after the introduction

of the L-PBF conformal cooling insert (up to a 5.39%), taking

the lead in the type of defects encountered. Contrarily, the

variability of such defect rates decreased with the incorpora-

tion of the insert in the mould, departing from a rate of 5.58%

down to a rate of 3.55% (See Table 3). Regarding the statistical

adjustment, comparing the histograms for the cases before
Fig. 9 e Global scrap rates histogram fit for the 6 distributions as

the introduction of the insert.
and after the introduction of the insert, Pareto Type-I and

Weibull keep generating a good level of visual fit. This infor-

mation can be retrieved graphically in Fig. 12.

3.2.3. Incomplete fill-in scrap rates analysis (defect type 3)
Concerning Incomplete fill-in, this type of defect (Type 3) was

the second least in terms of occurrence, prior to the incorpo-

ration of the insert in themould (accounting for a 3.33% of the

produced parts). Besides, the Standard Deviation, with a value

of 4.43% was the smallest contemplated in the 4 types of de-

fects. To this respect, once the insert was incorporated to the

mould, the variation of both figures was almost unperceiv-

able, with variation rates of 0.86% and 0.02% respectively (See

Table 3). Then, with regards to the statistical adjustment,

comparing the histograms for the cases before and after the

introduction of the insert, there is no impediment to select the

same Pareto Type-I and Weibull distributions with a good

level of visual fit (See Fig. 12).

3.2.4. Breakages during extraction scrap rates analysis
(defect type 4)
The final type of defects analysed is the one that originated

the case study, namely breakages of parts during mould

extraction. Concerning this (Type 4), the average level of

occurrence before and after revealed a decrease of two thirds

of the initial scrap rates for the produced parts (from 3.85% to

1.79%), validating in this way the original hypothesis that PBF

AM produced parts can help in controlling and fixing the

temperature levels in different sections of the moulds. Also,

the Standard deviation of the latter scrap rates revealed to be

significantly smaller than the formerly observed percentages

(from 12.52% to 2.92%). This information is presented in

Table 3. Concerning to the statistical adjustment, again,

comparing the histograms for the cases before and after the

introduction of the insert, same Pareto Type-I and Weibull

distributions can be selected from the visual fit (See Fig. 12).

3.3. Confidence interval for the global scrap rate

On the one hand, the confidence interval for the global scrap

rate for the situation before the introduction of the insert can

be calculated in terms of the Pareto-Type I adjusted
sessed: (a) before the introduction of the insert, and (b) after
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Fig. 10 e Cumulative Distribution Function plots: (a) before the introduction of the insert, and (b) after the introduction of the

insert.
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distribution, which for a production run of 100 parts leads to

an estimated number of defects between 10% and 28%, being

the most probable situation a yield of 17% of scrap (see Fig. 13

(a)). This means that in the former case, the production

planning, if conservative, should had been undertaken fore-

seeing the time expected for manufacturing 128 parts. On the

other hand, the confidence interval for the global scrap rate

for the situation after the introduction of the insert can be

calculated in terms of the Weibull adjusted distribution,

which for a production run of 100 parts leads to a quantity of

defects between 10% and 16%, being the most likely outcome

to produce a 13% of scrap parts (see Fig. 13 (b)). This means

that in the latter case, the production planning, if conserva-

tive, should had been undertaken foreseeing the time ex-

pected for manufacturing 116 parts. These results yield that

the introduction of the L-PBF CCC insert has been able to

decrease the estimated production time by a percentage of

12% in the most favourable estimate, and by a percentage of a

4% in the most probable case during the studied periods.
Fig. 11 e Residual plots for each of the statistical distributions (N

evaluated in the cases (a) before and (b) after the introduction o
3.4. L-PBF as an enhancer of the reduction of scrap rates

Once the statistical analysis of the results over a time series of

real manufacturing data has been completed, and the com-

parison framework has been established, it is also noteworthy

to assess how the L-PBF process has acted as an enhancer of

the reduction of scrap rates and to draft howhave its technical

properties helped towards this direction.

3.4.1. Comparison between cooling enhancement rates (before
and after)
The freedom of design of the channels, which allows a

fine adjustment of the temperature distribution in

critical places of the mould operation, had demonstrated in

the past potential to reduce cycle times and to

increase production volumes. In the present case, the sim-

ulations undertaken using Moldex3D software (CoreTech

System Co., Ltd. (Taiyuan St. Zhubei City, Taiwan)),

comparing the original insert with the newly redesigned one
ormal, Weibull, Lognormal, Exponential, Pareto, and Beta)

f the insert.
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Table 2 eOutcomes of the statistical distribution normality tests at a probability of 95% of the global production scrap rates
Before and After the introduction of the insert for the three calculation methods.

Before the introduction of the insert After the introduction of the insert

Statistical
Distribution

Anderson-
Darling

Chi-
Square

Kolmogorov-
Smirnov

Anderson-
Darling

Chi-
Square

Kolmogorov-
Smirnov

Normal Fail Fail Fail Fail Fail Fail

Weibull Fail Fail Fail Fail Fail Pass

Lognormal Fail Fail Fail Pass Fail Pass

Exponential Pass Fail Pass Pass Fail Pass

Pareto Fail Fail Pass Pass Fail Pass

Beta Fail Fail Fail Fail Fail Pass

Table 3 e Averages and Standard deviations of the production scrap rates caused by the 4 types of defects analysed Before
and After the introduction of the insert and their associated variation rates.

Defect type 1
(Surface)

Defect type 2
(Integrity)

Defect type 3
(Incomplete fill-in)

Defect type 4
(Breakages)

Production
Scrap rates

Average Standard
deviation

Average Standard
deviation

Average Standard
deviation

Average Standard
deviation

Before insert 8.95% 7.35% 2.92% 5.58% 3.33% 4.43% 3.85% 12.52%

After insert 4.19% 4.03% 5.39% 3.55% 4.19% 4.44% 1.79% 2.92%

Variation rates �4.76% �3.32% 2.47% �2.03% 0.86% 0.02% �2.06% �9.61%

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 5 4 2 3e5 4 3 9 5433
depict an average Temperature reduction of a 37.2% in the

interior and a 46.8% on the surface. This functioning mode

leads to a 34.9% of average temperature reduction on the

interior of the injected part, and up to a 39.3% on its surface.

The detail of this data can be retrieved in Table A4 of Ap-

pendix A.

3.4.2. Cost assessment of the introduction of AM CCCs
TheInitial investment includingthesimulation,manufacturing,

postprocessing and installation of the new insert in the
Fig. 12 e Scrap rates histogram fit for the 6 distributions assesse

analysed: (a) Surface, (b) Integrity, (c) Incomplete fill-in, and (d)
mould accounted for a total of 4643.89V. Considering that

the costs induced by a scrapped part are of 5.52V, the in-

vestment break-even is achieved when 842 parts are saved

from scrapping. The total number of parts produced in the

26 days with production after introducing the new insert

accounted for 12,529. As the absolute reduction of the total

scrap rate was of 7.05%, it can be considered that a total of

883 parts were saved from being scrapped comparing to the

former situation, which means that the break-even was

achieved during the period.
d before the introduction of the insert for the 4 defect types

Breakages.
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Fig. 13 e Cumulative distribution of defects for the two statistical distributions fit: (a) Pareto I-Before, and (b) Weibull-After.
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Additionally, the total number of parts accepted from the

January 7, 2020 until the July 18, 2022 (total of 2.53 calendar

years) was of 22,872, which corresponds to an equivalent of

9040 parts per calendar year. With this average, and taking

into account themost probable reduction of parts needed to be

produced of a 4%, the expected savings would be of 1996.10V

per calendar year, whilst if taking the most favourable esti-

mation of the reduction of parts needed to be produced (12%),

the expected savings could be of 5988.31V in a calendar year

(an amount corresponding to 0.78 times the initial investment;

meaning it could pay back in only 9.3 months).

3.4.3. Design considerations of the AM CCCs introduced
Concerning the design of the AM CCC introduced, several

considerations have had to be respected during its develop-

ment. Firstly, all channels are compliant with a safety distance

between them and any outer skin surface of 3 mm. This is of

interest for the integrity of the insert and to ensure that the

channelswill not collapsewhen themould is in operation. Also,

there cannot be internal sharp edges in the channels to avoid

the cavitation phenomena, and the flow velocity must ensure a

sufficiently high Reynolds coefficient to maintain a turbulent

regime. This set of prescriptions compromisewhat features are

feasible from the design point of view and impose restrictions

on the performance that can be obtained and about how can a

certain temperature distribution and extreme values be

achieved.
4. Conclusions

The initial hypothesis of the redesign is confirmed (global

scrap rates are reduced with the introduction of the L-PBF AM

conformal cooling insert, from 20.53% to 13.48%; reduction of

7.05%). Additionally, Standard deviation of the global scrap

rate is also found to be reduced (from 14.16% to 6.81%;

reduction of a 7.35%), which is very remarkable for the pro-

duction runs as possibilities to narrow the confidence in-

tervals of themanufacturing runs and thusmaking possible to

schedule tighter production dates.
Concerning the global scrap rates before the introduction

of the insert, the best statistical fit is found utilising a sta-

tistical distribution Pareto Type-I. Once the insert is intro-

duced in the mould, the best statistical fit found is with a

Weibull distribution, which has a much narrower dispersion

of the results.

Regarding the analysis for each of the four different prod-

uct defect types, the results reveal a specific decrease on the

average occurrence of two of them, namely: superficial

(�4.76%), and breakages during extraction (�2.06%)), as well as

a specific decrease in the variability of their occurrence rates

in three of them (optical (�3.32%), part integrity (�2.03%), and

breakages during extraction (�9.61%)). This means that, apart

from reducing the scrap rates generated by breakages during

extractions, the introduction of L-PBF AM conformal cooling

insert can also yield benefits in terms of optical defects and

integrity, without compromising the defect rates generated by

incomplete filling-in.

Finally, because of the characterisation of the new process

adjusting a Weibull distribution function, the confidence in-

tervals for the global scrap rates in future production runs

makes it possible reduce the estimated production time by a

percentage of a 12% in the most favourable estimate, and by a

percentage of a 4% in the most probable case during the

studied periods.
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Table A1 e Production runs, dates and total scrap generated bef
insert.

Production
run

Production
Date

Num. To
Prod

Production runs before

Conformal Cooling

AM insert

introduction

1 07/01/2020 337

2 08/01/2020 771

3 09/01/2020 728

4 10/01/2020 484

5 27/02/2020 142

6 28/02/2020 764

7 18/03/2020 261

8 19/03/2020 733

9 20/03/2020 736

10 23/03/2020 245

11 24/03/2020 738

12 25/03/2020 344

13 15/10/2020 72

14 16/10/2020 811

15 19/10/2020 614

16 09/11/2020 127

17 10/11/2020 631

18 11/01/2021 273

19 12/01/2021 731

20 13/01/2021 357

21 03/03/2021 345

22 04/03/2021 615

23 21/04/2021 192

24 22/04/2021 669

25 23/04/2021 535

26 10/05/2021 280

27 11/05/2021 659

28 12/05/2021 298

29 08/06/2021 273

30 09/06/2021 736

31 10/06/2021 474

Production runs after

Conformal Cooling

AM insert

introduction

32 06/07/2021 352

33 07/07/2021 824

34 08/07/2021 403

35 24/08/2021 679

36 25/08/2021 236

37 19/10/2021 57
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Appendix A: Production and simulation data
tables
ore and after the introduction of the Conformal Cooling AM

tal Parts
uced

Num. Total Parts
Scrapped

% Total Parts
Scrapped

18 5,34%

41 5,32%

104 14,29%

44 9,09%

90 63,38%

137 17,93%

50 19,16%

208 28,38%

164 22,28%

27 11,02%

123 16,67%

123 35,76%

20 27,78%

217 26,76%

163 26,55%

23 18,11%

70 11,09%

13 4,76%

159 21,75%

149 41,74%

33 9,57%

43 6,99%

88 45,83%

201 30,04%

41 7,66%

21 7,50%

34 5,16%

24 8,05%

70 25,64%

159 21,60%

195 41,14%

40 11,36%

86 10,44%

29 7,20%

106 15,61%

27 11,44%

6 10,53%

(continued on next page)
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Table A1 e (continued )

Production
run

Production
Date

Num. Total Parts
Produced

Num. Total Parts
Scrapped

% Total Parts
Scrapped

38 20/10/2021 669 45 6,73%

39 21/10/2021 701 76 10,84%

40 22/10/2021 358 72 20,11%

41 11/11/2021 299 39 13,04%

42 12/11/2021 683 157 22,99%

43 19/01/2022 382 110 28,80%

44 20/01/2022 700 120 17,14%

45 21/01/2022 635 47 7,40%

46 14/03/2022 375 63 16,80%

47 15/03/2022 828 95 11,47%

48 16/03/2022 583 39 6,69%

49 23/05/2022 275 15 5,45%

50 24/05/2022 494 123 24,90%

51 25/05/2022 808 195 24,13%

52 26/05/2022 365 53 14,52%

53 04/07/2022 235 27 11,49%

54 05/07/2022 715 91 12,73%

55 06/07/2022 494 104 21,05%

56 15/07/2022 54 2 3,70%

57 18/07/2022 325 13 4,00%

Total 27504 4632 16,84%

Table A2 e Production runs, and scrap generated per type of defect before the introduction of the Conformal Cooling AM
insert.

Production
run

Num.
Optical
defects
(Type 1)

%
Optical
defects
(Type 1)

Num.
Integri-ty
defects
(Type 2)

% Intergi-
ty defects
(Type 2)

Num.
Incom-plete
fill-in defects

(Type 3)

% Incom-
plete fill-in
defects
(Type 3)

Num. Broken
when

extracting
defects
(Type 4)

% Broken
when

extracting
defects
(Type 4)

Production

runs before

Conformal

Cooling AM

insert

introduction

1 2 0,6% 8 2,4% 8 2,4% 0 0,0%

2 22 2,9% 12 1,6% 4 0,5% 3 0,4%

3 51 7,0% 9 1,2% 23 3,2% 21 2,9%

4 20 4,1% 2 0,4% 0 0,0% 22 4,5%

5 0 0,0% 0 0,0% 0 0,0% 90 63,4%

6 0 0,0% 40 5,2% 41 5,4% 56 7,3%

7 0 0,0% 35 13,4% 0 0,0% 15 5,7%

8 162 22,1% 6 0,8% 13 1,8% 27 3,7%

9 146 19,8% 3 0,4% 15 2,0% 0 0,0%

10 12 4,9% 0 0,0% 0 0,0% 15 6,1%

11 85 11,5% 2 0,3% 29 3,9% 7 0,9%

12 74 21,5% 0 0,0% 49 14,2% 0 0,0%

13 11 15,3% 4 5,6% 5 6,9% 0 0,0%

14 58 7,2% 25 3,1% 132 16,3% 2 0,2%

15 66 10,7% 52 8,5% 11 1,8% 34 5,5%

16 20 15,7% 0 0,0% 3 2,4% 0 0,0%

17 66 10,5% 0 0,0% 0 0,0% 4 0,6%

18 11 4,0% 0 0,0% 0 0,0% 2 0,7%

19 102 14,0% 0 0,0% 36 4,9% 21 2,9%

20 100 28,0% 21 5,9% 10 2,8% 18 5,0%

21 29 8,4% 4 1,2% 0 0,0% 0 0,0%

22 40 6,5% 3 0,5% 0 0,0% 0 0,0%

23 24 12,5% 0 0,0% 0 0,0% 64 33,3%

24 78 11,7% 11 1,6% 6 0,9% 106 15,8%

25 41 7,7% 0 0,0% 0 0,0% 0 0,0%

26 6 2,1% 0 0,0% 0 0,0% 15 5,4%

27 1 0,2% 1 0,2% 2 0,3% 30 4,6%

28 2 0,7% 1 0,3% 0 0,0% 21 7,0%

29 12 4,4% 26 9,5% 32 11,7% 0 0,0%

30 39 5,3% 44 6,0% 74 10,1% 2 0,3%

31 60 12,7% 128 27,0% 6 1,3% 1 0,2%

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 5 4 2 3e5 4 3 95436

https://doi.org/10.1016/j.jmrt.2023.02.164
https://doi.org/10.1016/j.jmrt.2023.02.164


Table A3 e Production runs, and scrap generated per type of defect after the introduction of the Conformal Cooling AM
insert.

Production
run

Num.
Optical
defects
(Type 1)

%
Optical
defects
(Type 1)

Num.
Integri-ty
defects
(Type 2)

% Intergi-
ty defects
(Type 2)

Num.
Incom-plete
fill-in defects

(Type 3)

% Incom-
plete fill-in
defects
(Type 3)

Num. Broken
when

extracting
defects
(Type 4)

% Broken
when

extracting
defects
(Type 4)

Production

runs atfer

Conformal

Cooling AM

insert

introduction

32 14 4,0% 8 2,3% 9 2,6% 9 2,6%

33 27 3,3% 36 4,4% 2 0,2% 21 2,5%

34 29 7,2% 0 0,0% 0 0,0% 0 0,0%

35 27 4,0% 13 1,9% 66 9,7% 0 0,0%

36 19 8,1% 8 3,4% 0 0,0% 0 0,0%

37 5 8,8% 1 1,8% 0 0,0% 0 0,0%

38 17 2,5% 1 0,1% 26 3,9% 1 0,1%

39 30 4,3% 4 0,6% 5 0,7% 37 5,3%

40 14 3,9% 9 2,5% 38 10,6% 11 3,1%

41 15 5,0% 24 8,0% 0 0,0% 0 0,0%

42 35 5,1% 80 11,7% 41 6,0% 1 0,1%

43 11 2,9% 29 7,6% 70 18,3% 0 0,0%

44 8 1,1% 69 9,9% 42 6,0% 1 0,1%

45 3 0,5% 40 6,3% 1 0,2% 3 0,5%

46 42 11,2% 20 5,3% 1 0,3% 0 0,0%

47 3 0,4% 92 11,1% 0 0,0% 0 0,0%

48 7 1,2% 31 5,3% 0 0,0% 1 0,2%

49 2 0,7% 10 3,6% 3 1,1% 0 0,0%

50 85 17,2% 2 0,4% 29 5,9% 7 1,4%

51 21 2,6% 62 7,7% 1 0,1% 111 13,7%

52 7 1,9% 17 4,7% 13 3,6% 16 4,4%

53 10 4,3% 13 5,5% 0 0,0% 4 1,7%

54 33 4,6% 53 7,4% 5 0,7% 0 0,0%

55 55 11,1% 49 9,9% 0 0,0% 0 0,0%

56 0 0,0% 1 1,9% 0 0,0% 1 1,9%

57 6 1,8% 3 0,9% 4 1,2% 0 0,0%

Table A4 e Simulated results for the evolution of the Temperature distributions (internal and superficial) of the insert and
of the part, before and after the incorporation of Conformal Cooling Channels.

Before incorporating CCC After incorporating CCC Average Temp.
Reduction

T Max. [ºC] T Min. [ºC] T Max. [ºC] T Min. [ºC] Average [ºC] Ratio [%]

Insert internal temperature distribution 83,36 49,08 43,03 40,19 24,61 37,2%

Insert surface temperature distribution 85,24 68,40 41,53 40,17 35,97 46,8%

Part interior temperature distribution 83,26 60,54 52,31 41,31 25,09 34,9%

Part surface temperature distribution 85,24 67,17 52,02 40,45 29,97 39,3%
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