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ABSTRACT: With the increased production of microgmments, it is necessary to overcome various o-
logical challenges existing in the micro-injectioroulding process: the wear of the microfeatured Iding
tool; the perfect filling of high aspect ratio pattihe rheology and heat transfer mechanism in sooli-
tions; among other factors. To address some otthkallenges, appropriate moulding surface coatitigs
playing high hardness, high thermal conductivitighhthermal shock capacity and low friction coa#itt
may be of great importance. In this work, a moudimsert was coated with nanocrystalline diamoiddi
This insert, especially designed to evaluate tbe front of two pathways, was then used for thedpotion
of polypropylene microparts with the scope of amaly the relative position of the welding line, ahére-
fore, evaluate the polymeric melt flow in the mionpressions. The morphology, quality and stresedev
oped in the obtained diamond film was analysedwsigp an average grain size of about 100 nm, in wvhic
their crystals are homogeneous, forming a coaléddem The coatings present a typical Raman spectr
Through the moulding path with the diamond coatihgvas found that the melt temperature is thealde
that has the greatest influence on the advancheofront flow. The front flow appears to benefibrir the
coating, leading to a more controlled filling presereplicating the findings presented formerlys lsuggest-
ed that the diamond coating can act as a heatrbuisakening the heat transfer mechanism in thg-pol
mer/mould interface at the flow stage, reducingithportance of the design of the temperature cosys-
tem.

1 INTRODUCTION plastics are not directly applicable, the rheolagy
materials on the nanoscale being dissimilar of¢hos
1.1 Problem contextualization at the macroscales scakée(o 2013
The injection moulding of thermoplastics is a pro- o
cess that has been developed on a large scale in &1’2 Objective

last decades, being currently applied for varigas a Moulding surface coatings, displaying high hard-
plications. The increased miniaturization of theness, high thermal conductivity, high thermal shock
technological systems is leading manufacturers toapacity and low friction coefficient may be of gtre
adapt the injection moulding process to the produamportance. Nanocrystalline diamond film presents
tion of microcomponents. Nevertheless, the simpléhe properties aforementionecu(isch 200§.
miniaturization of conventional injection moulding In this paper, a moulding insert was coated with a
is not valid, due to various problems such as theommercial chromium nitride film in the moulding
wear of the moulding tool, the aspect ratio of thgathway and coated with a nanocrystalline diamond
cavities to fill, the rheology and heat transferctme film in the opposite pathway. This insert was after
anisms, among otherdNdto 2009. The polymeric used for the production of polypropylene (PP)
flow through microimpressions leads to a rising ofmicroparts, with the scope of analysing the regativ
the shear heating, contributing to an increasehef t position of the welding line, and therefore, evalua
wear of moulding surface and compromising the tooing the  polymeric melt flow in the
life service. These problems increase the number @hicroimpressions.

maintenance stops and influence negatively the

overall quality of the moulded parts. Moreover, at

the micrometre scale, many phenomena known from

conventional injection moulding process of thermo-
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2 EXPERIMENT DETAILS
2.1 Moulding block

It was used a micromoulding block of AISI P20 s
(Fig. 1) to produce PP microparts that geometnic
consist in a 16 A0 mm plate with a central ren-
gular orifice (Fig. 2).
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Figure 1.Main dimensions of micromoulding blo
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Figure2. Main dimensions of PP micpart.

2.2 Nanocrystalline diamond film deposit

The diamond coating of steel substrates pre:
some difficdties and, despite some progress in
area, it still remains a complex problem. Tha-
mond coating cannot be directly appliedonto ttr-
rous substrate, because carbon (the precure-
ment of diamond) easily diffuses into the ferr
matrix, leavingbehind no matter to start thea-
mond nucleation processldto 200§. Moreover, the
difference between the coefficient of thermal en-
sion of diamond and steel is too high, causine-
sidual stresses in the diamond film and negati
affecting its adhesionPplini 200§. So, it is m-
portant to have an intermediate layer between i-
amond film and the steel’herefore, the mouldin
block was coated with chromium nitride (CrN)
PRIREV Lda, using th®VD process. The CrN th
film is a ceramic coating ih high hardness, goc
oxidation resistance, toughness ahdttility and
low coefficient of friction,preventin( the diffusion
over the block through the substrate material -
lowing the adhesion between the diamond film
the moulding surface, neatffecting the properties «
the diamond coating or the moulding t (Neto
2012; Warcholinski 2009

After the CrN deposition, in order to achievei-
amond film just onto one of themouldin¢ impres-
sion pathways, it was necessary to carry outp-

propriated methodology, being used the proce
presented inNeto 2012.

For the CVD procesghree tantalum filaments
0.25 mm ofdiameter and 100 mm lengwere pre-
pared and inserted in a horizontal position ithe
HFCVD reactor. Then, the mouldi block was left
under a vacuum of about ™ Torr of pressure for 30
min, in order to avoid contamination effects w
undesirable gases inside the recThe deposition
was then started, including the initialization the
filament temperature acquisin and the power
source,in order to control the current arvoltage
according to the substetemperture. After 7 h, the
substrate temperatuveas decreas. When the sub-
strate temperatuneache 100 °C, the gas flow was
turned-off,as well as thawater cooling and then the
air valve was openn order tc stabilize the pressure.
All the proceduresvhererepeated to achieve a total
deposition of 14 hThe latter led to a diamond fil
grown on the prereated sit. In Table 1, the condi-
tions for the depositioare specifie.

Table 1. Depositionanditions.

Parameters Values Units
Temperature of moulding blo | 70050 °C
Filament Temperature 2100+50 °’C
Time Deposition 14 hours
CH, flow 3.30x10° | ms
H, flow 1.66x10° | m¥s
Ar flow 1.67x10° m/s
Pressure 4000 Pa

2.3 Injection moulding

The injection moulding was performeda Boy 12A
injection moulding machine. It ifully hydraulic
equipment, projected fcsmall moulds, allowing a
high meteing precision from 0.0001 to 0.01 r~.
The injection unifeature a screw of 18 mm diame-
ter. The injection moulding cell is completed v a
mould temperature regulator ann external control
unit for the cartridge heaters used in the tempe:
control system of the mou Table 2 shows some
characteristics of the Boy 12A injeon moulding
machine. The material used to produce 1
microparts was senarystalline polypropylene (P
HP500 N, poduced by Basell Polyolefins Europe
is @ homopolymer very used in the injection nd-
ing process, showing a good hardness good
flowability.
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Table 2. Characteristics of the Boy A2njection moulding
machine.

Characteristics Values Units
Screw diameter 18 mm
Screw L/D ratio 18:1 -
Injection pressure 240 MPa
Injection rate 30.6 als
Injection volume 0.1 cm’®

The injection of PRvas carried out at a const:
injection pressure of 100 bar. The packing pres
was of 10 bar for 2 and the cooling time of : s.
The mould temperature, the melt temperature
the injection velocity were théhree variables that
alternated between 2 levelgading to 8 differen
experiments as indicated in Table 3.

Table 3. Details of the DOE experiments.

Experiment Thoutd Tett Vinj

°’C °C mmj
DOE1 50 240 72
DOE2 50 240 144
DOE3 65 240 144
DOE4 65 240 72
DOE5 65 220 72
DOE6 65 220 144
DOE7 50 220 144
DOES8 50 220 72

For each DOE experimenat least30 injection
mouldings runs were performed order to mii-
mize the natural variation of the proc:

The injected parts where afterwaadalysed using
an Olympus ILLC2 microscope &xamin« the weld
line location.

3 RESULTS AND DISCUSSION

3.1 Diamond deposition

The CrN film was deposited with a good uniforrr
over the entire moulding surface, having ask-

ness about 2 pm.

During the diamond deposition on the HFCVDc-

tor, the different parameters were acquired, id-

ing the top process parametaubstrate temperatt

and filament power of with the growth rate andr-

phology will depend, in addition to the precursas
feed.

The SEM images quality are slightly influenced
the electrostatic charggsesent in the samples, «

to the fact that the SEMnages acquisition was do
after the production dhe microparts, so the coati
might have been contaminated by PP residuev-

ertheless, they allow the correatalys: of the crys-
talline morphologyAnalysing Figure , it was pos-
sible to observe that therysta structure is

homogeneous, forming a coalescent filnwas also
possible to observe that the averigrain size is of
the order of 100 nm.

SU70 15.0kV 13.7mm x15.0k SE(M)

Figure 3.SEM image of nanocrystalline diamond f.

The Raman speatm wasobtained in the range
1000-1800 crf, a wavelength f 532 nm being
used The Raman spectroscopic analysis war-
formed to assegske film quality. With theassistance
of spectroscopy peakleconvolution software, tt
Raman spectra was subtracfrom its linear back-
ground and then mathematically decomposed
Loreantzian functions fothe diamond peak and
Gaussian function fothe non-diamond bands (Fig.
4). Therefore, the Raman spectrum exhibits tH-
lowing power dispersion: nanocrystalline diamc
(%1178 cn), polycrystalline diamonc~1331 cnt),
D and G band~1365 cn) and microcrystalline
graphite, D band~(1587 cn™).
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Figure 4. Raman spectroscopy of the deposited film
Deconvolution.

Analysing Figure 4, it was possible to obtem-
portantinformation to better characterise the cos¢
film on the moulding surfaceTo quantify the dia-
mond proportion, f it wasused the relation of the
area below the dmond peak (igiamond t0 the total
area of the peaks:
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To calculate the film ggality, Q, itwas used the
relation between the intensity of diamt (Igiamond
peak and the sum of this intensity v the intensity
of the graphite peaks:

o= Liizmond

Liamand T loraphie

(@)

Therefore, observing Figure 4 and using eque
1, the diamond proportiongffis about 14 % ands-
ing the Equation 2, the diamond quality is ak
39.35%. The values of,fand Q are relatively lov
because the film exhibits two nallamond band
(microcrystalline graphite). Moreovedhe film sug-
gests being subjected to tenskeessdue to the in-
fluence of nordiamond phases at the grain boa-
ries.

3.2 Polypropylene microparts

For the production othe micropart it was used a
micromoulding block with adiamond film inone

moulding pathway and &rN film in the opposit

pathway. As described in thexperimental prce-

dure, they wereonsidered 8 different injection n-

ditions, 30 micropartdeing produced for eacho-

cessing condition. Posteriorly, Bicropart: of each
DOE were selected to be analysgdmeans of o-

larized light micoscopy, in order to evaluate t

weld line location.

Figure 5 exhibits a micpart with the axis syste
considered: the wgxis represents the interval [O,
(mm) and xaxis represents the interval [0, 5] (mi
The left pathway of the micpart correspors to the
moulding pathway coated with diamond film i the
right pathway corresponds to the moulding path
coated with CrN film.

The Figure 5 shows two centred circlThe top
circle corresponds to the extractor and the bo
circle corresponds to theressure sensoBoth fea-
tures are neglected for the evaluation of the wel
line, since their effect is balanced and consilt is
also important to note thathé diamond coate
pathway has a slightly inferior aperture than tp-
posite one, less thanuim (the thickness of the a-
mond film). Additionally, it must also be noted tl
the coatings are only in the moulding block. -
fixed cavity plate (the half of the mould that it-
tached to the fixed platen of thgection moulding
machine) has no coating.

Figure 5. Micropart analysdd the optical microscope.

Analysing the weld linesin polarized light and
with the aid of software for datacquisition, the
lines were plottedor each injection condition. The
a weighted average of weld lines provided b
microparts for eeh DOE was performed to get o
single average line per DOE experiment, as-
played in figure 6Analysing figure | it was possi-
ble to observe that theeld lines are located above
the micropart centre (\=mm), i.e. th weld lines
arelocated in the opposite side to the pathwayt-
ed with diamond film. However, for each injecti
condition, there are weld lines clr to the
micropart than others. The wd lines of samples
DOE1, DOE2 and DOE-are located closer to the
micropart centre, while the weld lines of samp
DOE5, DOE6, DOE7 and DOES tend to move a
of the micropartcentre. The weld line of samg
DOES3, initially, is farthesfrom the micropart cen-
tre, but then this weld line approaches of theres

The common parameter DOE1, DOE2, DOE3
and DOEJ4is the melt temperature. In the same v
the common parameter of tDOE5, DOE6, DOE7
and DOESis the melt temperature of 2°C. There-
fore, the mi temperature is the variable with mc
influence on the advance of tifront flow, i.e. the
flow front appears to benefit from diamond coal
(Fig. 7) in more controlled injection conditionss-
pecially when the melting is at a temperaturesetl
to the solidification poin
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Figure 6. Weld lindocation average for the different exi-
mental setups.
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Figure 7 -Behaviour of polymeric flow during filling
tl<t2<t3<t4<t5, where t represents ti

t4

t3

The belaviour illustrated in Figure can be in-
fluenced by thénigh thermal shock resistance cc-
ity of diamond, which leads tbeat buffe behav-
iour, weakening the influence of the heat tran
mechanism on the polymer/mould interface at
flow stage, allowing a less aggressive design e
temperature control system.

The results obtained in this study are in ad-
ance with previous experiments reported elsew
(Neto 2012.

CONCLUSIONS

In this studyit was used a micromoulding block a
a moulding tool to evaluate the influence -
vanced coting systems in the polymeric flow ini-
cro cavities. The moulding insert is able to praa
thermoplastic parts of 189 mm with a central c-
tangular orifice. The moulding surface the block
was coated with commercial CrN and posteric
through HFCVD process it was coated wi
nanocrystalline diamond film in one of tmoulding
pathway, exhibiting two pathways with differe
characteristics.

The obtained coalescent diamond - has homoge-
neous crystals and average grain size of 100n
Moreover, thdilm shows a typical Raman spectre
nanocrystalline diamond, however this fidisplays
still some internal tensilstress, most probably d
to the influence of nodiamond phases. Paramet
like low hydrogen flow and low substrate tenma-
ture can ha® influenced the quality and tensions
the film.

After the diamond deposition, the block was u
to produce 30 micropartfor eight different DOE
The injection pressure, the packaging pressure
packaging time and the cooling time were ke[n-
start for all the experiments, while the moulim-

perature, the melt temperature and the injectie-
locity were varied between two levels. The PP ¢
were observed bgolarized light microsccy, to ob-
serve the weld lines.

It was found that for lower leveof melt temper-
ature, there is a&ignificative influence of the dia-
mond film on the polymeric flow. The front flo
appears to benefit frotie diamond coating, which
may lead to anore controlled processing conditic
Therefore,it is speculated thediamond can act as a
heat transfer bufferweakening the fluence of the
heat tansfer mechanism on the polymer/moun-
terface at the flow stage, allowing less aggres
design of the temperature control syst
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