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Abstract

Purpose: The aim of this paper is to optimise process conditions in micro injection
moulding (u—1M) to minimise shrinkage whilst maximising part mass. Method: A
Design of Experiment (DoE) approach was implemented for studying the effect of five
processing parameters on shrinkage and part mass. A multiple quality criteria based
analysis was used to optimise the process. Results: Significant factors were found for
shrinkage and part mass. Conclusions. The multi quality criteria could be optimized, and

this optimization validated experimentally.
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1. Introduction

1.1 Purpose of paper

Injection moulding literature indicates that part mass has an important role in shrinkage,
where shrinkage is reduced when part mass is maximized (without overfilling behaviors such
asthe production of “flash”) [1]. However, it is difficult to use part mass as afactor in an
experiment, asit is not avariable that is easy to control independently (unlike, for example,
mould temperature). It may aso be affected by the same factors that influence shrinkage.

In a previous study, metering size was used as a factor (and part mass as aresponse) [2].
However, two issues act to reduce the usefulness of metering size as afactor. Firstly its
accuracy. The metering size accuracy of a dedicated micro-moulder (Battenfeld 50) — as
used here — has been estimated at 20 mm® [2] (as against total moulded part size of 150 mm®).

Secondly, the variation of metering size volume with polymer temperature [3].
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In order to use part mass data to attempt to optimise shrinkage, the present study proposes a
multiple quality criteria method, i.e. it attempts to optimise for both the minimum total
shrinkage and the maximum part mass, because of the known effect of one factor on the
other. Shrinkage itself is measured by arecently proposed and demonstrated methodology for
the study of the effects of injection moulding parameters on shrinkage behaviour at the

micro-scale [4].

As optimisation of total shrinkage would be particularly hard to achieve for polymers which
show anisotropic shrinkage behaviour, an example of such apolymer (agrade of

polyoxymethylene) was chosen for this study [5].

1.2 Adoption of part mass as a parameter at the micro-scale

In the literature, few papers have adopted part mass as the experimental response in micro-
parts. Ong et a. [5] analysed parameters affecting the mass of micro-parts using a Design of
Experiment methodology. Mould temperature was the most significant factor affecting part
mass; maximum part mass was associated with increasing mould temperature, injection rate

and injection pressure.

Attiaet a. [6] considered part mass as output parameter. The five processing parameters
investigated were melt temperature, mould temperature, injection speed, holding pressure and

cooling time. Desirability functions were considered for improving the quality filling.

Zhao et a. [2] studied specimen quality in terms of metering accuracy and homogeneity: part
weight and gear diameter of moulded micro parts were measured as experiment responses.
The statistical analysis identified the metering size (defined as the volume of material

injected in the cavity mould) and the holding pressure as the most critical factors that affected
the part weight and the diameter of micro part moulded.

1.3 Multiple quality criteria optimisation

Attiaet a. [7] used the similar approach to that adopted in the present paper for the
investigation of the effect of processing parameters on two quality criteria: part mass and the
variability of part mass. Desirability functions were successfully implemented to predict the
processing conditions that fulfilled the requests to maximise both criteria. The final results

were validated experimentally for demonstrating the reliability of this approach.
Bellantone et al. [8] have recently adopted a similar approach.

2. Methodology



2.1 Material and equipment
The materia analysed in this paper was a semi-crystalline polymer, polyoxymethylene
(POM), from BASF (Ultraform® W2320 003) [9] (melting point 166°C, tensile strength at

room temperature 65M Pa, linear thermal expansion coef. 0.6E-4 mm mm™ C™).

Mould manufacture was realized using a KERN Evo five-axis micromilling machine for
ultra-precision machining, with a workpiece precision of 1 um and final surface quality of 0.1
um. The micro injection moulding machine used was a Battenfeld Microsystem® 50. The
specimen dimensional measurement was conducted using the optical system TESA Visio
300, with an accuracy of 1 um. Part mass was measured using an analytical scale with

accuracy of £1 mg.

2.2 Detecting influential processing conditions for shrinkage
The statistical design was adopted from Annicchiarico et a. [4].

Table 1 reports the processing parameters analysed in the present paper. Initial values were
determined during afamiliarisation stage, where trial and error experiments were conducted
to specify the experimentation window of the process. The screening stage allowed the
identification of the high (+) and low (-) ranges. The higher (+) limits were obtained by
increasing the initial valuesindicated in Table 1 until excess “flash”, started to be notable.
The lower (-) limit was obtained by decreasing the values gradually until defects started to
appear, for example, incomplete filling or poor edge definition.

Table 2 reports the statistical model adopted, which is based on a half fractional factoria

design. It shows the runs used during the injection moulding stage.

For each combination of processing parameters, the shrinkage of five specimens moul ded
cyclicaly (continuously) were measured according to the standard procedure reported in [10].
Figure 1 shows an example of amoulded POM specimen. During the moulding process, other
moulding conditions are kept constant: cooling time: 17 s; metering volume: 210 mm>;

injection speed: 250 mm s™.

2.3 Optimising multiple quality criteria using desirability functions
The optimization used here follows the statistical method outlined in [7].

The method applied in this work implements desirability functions [11]. Desirability
functions were used to predict a combination of processing parameters that fulfilled two
quality requirements. Each response y; was individually converted into a desirability function

d; that translates each effect between 0 (the effect of the process are out of target and
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unacceptable) and 1 (the effects are relevant to the target value or range). The individua d
were combined in the overall desirability, D, where D= (dixd»xdm) ™ and m is the number of
responses: also D has arange between 0 and 1, and had to be maximized; the values 0 and 1

had the same meaning of those reported for d..

In this work the goal was to maximize part mass and minimize total shrinkage. The individual

functions for meeting these requirements were represented in Equation 1 and Equation 2,

respectively.
(0 y<L
Equation 1 di= <(ﬁ] L<y<T
L 1 y>T
(1 y<T
Equation 2 Op- {ﬁ]r T<y<U
0 y>U

In both equations, U and L were the upper and lower limits, y was the response, T was the
target and r values were the function weight (linear or non-linear), which in this case were al
set to be equal to 1. Shrinkage minimisation and part mass maximisation requires setting
upper and lower limits selected using the results reported in Table 3. The shrinkage target
was the medium-low val ue between the specimens with low Sr: the target value was set to
3.5% and the upper limit was 4%. Mass target value was chosen as the value closer to the
highest part mass moulded (the specimen moulded with the 16™ run). The part mass target
value was 49.5 mg and the low limit was 48 mg. In the optimisation stage, the individual
desirability function d; and overall desirability D were maximised and set equal to 1.

2.4 Methodology for measurements

For determining shrinkage, the procedure was adopted from Annicchiarico et al.[4]
Specimens were moulded by manufacturing a micro-mould following the micro-scale
requirements of 1SO 294-3 [12] square mould design. The dimensions were adapted to test
micro-scale features. The final dimensions of the single square cavity were length=
9.987+0.001 mm, width=9.980+0.001 mm, thickness=0.350+0.001 mm.



Five specimens were chosen, after the injection machine operated for a number of
uninterrupted cycles (Table 1 reports the processing parameters tested) to reach stable
operation conditions, such that random errors were minimised.

The conversion of dimensional variationsin total shrinkage values - defined as the difference
in dimensions between atest specimen after 24 hours and the mould cavity in which it was
moulded - was implemented as specified in of 1SO 294-4.

Part mass was determined by weighing the same five specimens used for shrinkage

measurements with an analytical scale.

2.5 Data representation

The statistical analyses were conducted using Pareto charts, main effect plots and interaction
plots. Minitab 16 [13] was used to process the data. The processing parameters were |abeled
as A (hold time), B (hold pressure), C (injection pressure), D (mould temperature) and E
(melt temperature). The combined influence of two of these parameters was described by

combining the two corresponding letters.

Pareto charts were used for determining the statistical significance of the processing
parameters. The chart reports the absol ute value of the effects and draws a reference line on
the chart. The vertical line represents the apha (o) value, which was the maximum
acceptable level of risk. Alphawas expressed as a probability, ranging between 0 and 1.
During the statistical study, the o value was set at 0.05. This statistically means that the
possibility of finding an effect that does not really exist was 5%.

The main effects plot permitted the identification of the response of the single critical process
parameters (previoudly identified by Pareto chart) in terms of direction and magnitude: the
larger the slope of the line, the larger the significance of the respective processing parameter;
apositive slope indicates a direct relationship and a negative one indicates an inverse
relationship with the factor analysed.

The interaction plot identified the response of the combined critical processes. An interaction
was present when the change in the response from the low to the high level of afactor
depended on the level of a second factor. If the lines were parallel to each other or did not
intersect, there was no interaction present within the investigated process window. The
greater the departure of the lines from the parallel state, the higher the degree of interaction.

3. Results

3.1 Measurement results



Table 3 reports part mass (W) and total shrinkages (Sr) valuesin paraléel to (p) and normal to
(n) the flow direction. Part mass values shown in Table 3 include both the specimen and the
attached gate masses. This was done because separating the gate from the specimen caused
profile damage that affected shrinkage measurements. Gate mass was estimated to contribute
to about 2% of total part mass (1.10+0.03 mg gate mass).

Table 4 reports the lowest (Low) and the average (Av) values for total shrinkage (Sr), on
paralld to (p), and normal to (n), the flow direction.

3.2 Critical factors that affect shrinkage

Figure 2 reports the Pareto chart of total shrinkage in parallel to the flow direction. Three
single factors had statistically significant effects on shrinkage: mould temperature D, hold
pressure B and melt temperature E. In addition, two combinations of factors had statistically
significance: hold pressure with mould temperature BD, and mould temperature with melt
temperature DE.

Figure 3 shows the corresponding main effects plot for the single critical factors. The figure
shows that mould temperature magnitude is larger than hold pressure and melt temperature.
The slopes of the parameters indicate that an increase in these parameters leads to a decrease

in shrinkage.

The plot of Figure 4 represents the interaction between holding pressure and mould
temperature (Iabelled as BD in Figure 2). The boxes show the change of total shrinkage, in
parallel to the flow direction Srp, with both mould temperature and hold pressure. The top
right box plots shrinkage as a function of mould temperature, the bottom left box plots

shrinkage as a function of hold pressure.

Considering mould temperature (top right), the decrease of total shrinkage in parallel to the
flow direction Srp moving from the low (85°C) to the high (115°C) temperature is larger
when hold pressure islow (450 bar) than when it is high (550 bar). Considering hold pressure
(bottom Ieft), the decrease of Sy moving from the low (450 bar) to the high (550 bar)
pressureis larger when mould temperature islow (85°C) than when it is high (115°C).

Figure 5 represents the interaction between melt and mould temperatures (1abelled as DE in
Figure 2). The boxes show the change of total shrinkage, in parallel to the flow direction Srp,
with both mould temperature and melt temperature. The top right box plots shrinkage as a
function of melt temperature, the bottom left box plots shrinkage as a function of mould

temperature.



Considering mould temperature (top right box), the decrease of total shrinkage in parallel to
the flow direction Sy, as we move from the low (85°C) to the high (115°C) temperature is
larger when melt temperature is low (190°C) than when it is high (200°C). Considering melt
temperature (bottom left box), the decrease of Sy, moving from the low (190°C) to the high
(200°C) temperature is larger when mould temperature is low (85°C) than when is high
(115°C).

In contrast to the above, no statistically significant effects of factors were seen for shrinkage

normal to the flow direction.

3.3 Critical factors that affect part mass

Using the same statistical tools used for total shrinkage, the critical factors that affect part
mass were analysed. Figure 6 and Figure 7 represent the Pareto chart and the main effects
chart of the POM specimen part mass. The Pareto chart in Figure 6 shows that in terms of
part mass, the statistically significant process parameters were mould temperature D, hold

pressure B and melt temperature E.

The main effects plot, shown in Figure 7, reports how changing each process parameter
between the low and high values affects the actual magnitude of specimen mass. The slopes
of the three significant parameters, identified from the Pareto chart, are all positive in the
main effects chart, which means that an increase in specimen massis directly related to each
of the three parameters.

3.4 Optimisation step

Table 5 summarises the critical factors observed for shrinkage and part mass.

The optimisation stage identified the optimum combination of parameters that minimised

shrinkage and maximised the part mass. These are shown in Table 6.

Specimens were moulded for experimental validation. Table 6 reports their shrinkage and
part mass. These results can be compared with those reported in Table 4. Table 7 summarise

this comparison.

In Table 7, the actual average, low and optimised values of shrinkage and weight are givenin
parentheses, the optimised in the first row of data and the actual and average in the first
column of data. The body of the table compares the optimised with the non-optimised values
as a percentage change. Thefirst set of three rows compares against average values from

prior experiment. The second set of three rows compare against the best values (lowest



shrinkage or mass) from prior experiment. A negative value in the table indicates a reduction

in shrinkage or part mass.

Figure 8 reports the mass distribution of the specimens relative to different process
parameters. The x-axis shows the run numbers 1 to 16 as reported in Table 3. Run number 17
is for the optimised process parameters as shown in Table 6. The y-axis shows the resulting
specimen mass expressed in milligrams. In Figure 8 the white bars indicate mass values for
specimens moulded with processing parameter combinations that include low mould
temperature (85°C), while the grey bars refer to mass values resulting from processing
parameter combinations involving high mould temperature (115°C). The 17" bar is the part

mass of the optimised specimen. Error bars are the standard deviation of five specimens.

4. Discussion
The numerical results reported in Table 3 confirmed the general shrinkage trend reported in
the literature [ 14; 15]: shrinkage in paralld to the flow direction is larger than that normal to

the flow direction.

The critical factors that affect total shrinkage and part mass were summarized in Table 5.
Temperatures (mould and melt) and holding pressure were identified as single critical factors
that affected both shrinkage and part mass. The combinations of each of holding
pressure/mould temperature and melt temperature/mould temperature affect total shrinkagein
parale to the flow direction. No critical parameters were found for total shrinkage in normal
to the flow direction.

With regard to part mass, the results of thiswork are in agreement with those of Ong et al.
[5], which identified mould temperature as a critical factor for part mass in the same grade of
POM. In terms of part weight, Zhao [2] found that the holding pressure has a critical
influence (for POM grade lupitala F20-0).

The effect of optimisation using multiple quality criteriawas shown in Table 7. Comparing
the numerical results after the optimisation with those before the optimisation (both average
and low values), it was possible to evaluate that shrinkage in parallel to the flow direction
was reduced (-34% with respect to the average value, -8% with respect to the best shrinkage
value). Shrinkage reduction in parallél to the flow direction seems to be balanced by a dlight
increase in shrinkage in normal to the flow direction (+9.2% with respect to the average
value, +40% with respect to the best shrinkage value). The optimised part mass shows a +3%
change with respect to the average part mass and a -0.1% change with respect the best
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(highest) part mass value. Such areduction in part mass with respect the best target value
does not produce negative effects in terms of incomplete filling or low edge definition. The
optimised values are the results of a compromise between shrinkage minimisation and part

mass maximisation.

Figure 8 confirmed the critical influence of mould temperature (critical factor both for
shrinkage and part mass) highlighted by the statistical study: the relatively short white bars
indicate mass values for specimens moulded low mould temperature (85 °C, as shown in
Table 2). The longer grey bars refer to specimens moulded with high mould temperature
(115°C). The 17" bar is the weight of the optimised specimen. Although the specimen
moulded with the optimised parameter does not show a higher value of mass, it exhibits a
shrinkage which is more balanced in parallél to, and normal to, the flow direction (3.37% and
3.31% respectively) compared to shrinkages reported in Table 3.

5. Conclusions

This paper implemented a statistical methodology in order to attempt to optimise for both
shrinkage and part mass in micro-injection moulding. Five factors were investigated: the
injection pressure, the holding pressure, the melt temperature, the mould temperature and the
holding time. The temperatures (mould and melt) and the hold pressure were identified as
significant factors that affected both shrinkage in paralel to the flow direction and part mass
independently. In addition, shrinkage in parallél to the flow direction is affected by combined
effect of holding pressure-mould temperature and melt temperature-mould temperature. No
critical parameters affected shrinkage in normal to the flow direction. Optimal conditions for
the minimisation of the total shrinkage and maximisation of part mass were determined using
desirability functions. These conditions were tested experimentally. M easurements verified

the reduction in shrinkage and the increase of part mass.

Acknowledgement
The authors would like to thank the Cranfield University Innovative Manufacturing Research
Centre for their support of thiswork. They wish to thank Mr. J. Hedge and Dr. |. Walton for

technical support during the mould manufacturing step.
Bibliography

[1] Fischer, J. M. (2003), "Handbook of molded part shrinkage and warpage-
Determination of shrinkage”, in Inc. Brent Beckley (ed.) , pp. 10.



[2] Zhao, J.,, Mayes, R. H., Chen, G., Xie, H. and Chan, P. S. (2003), "Effects of Process
Parameters on the Micro Molding Process’, Polymer Engineering and Science, vol. 43,
no. 9, pp. 1542-1554.

[3] Greene, C. D. and Heaney, D. F. (2004), "The PVT effect on final sintered MIM
components’, Annual Technical Conference - ANTEC, Conference Proceedings, Vol. 1,
pp. 713.

[4] Annicchiarico, D., Attia, U. M. and Alcock, J. R. (2013), "A methodology for
shrinkage measurements in micro-injection moulding”, Polym.Test., vol. 32, pp. 769-777.

[5] Ong, N. S. and Koh, Y. H. (2005), "Experimental investigation into micro injection
molding of plastic parts’, Mater Manuf Process, vol. 20, pp. 245-253.

[6] Attia, U. M. and Alcock, J. R. (2009), "An evaluation of process-parameter and part-
geometry effects on the quality of filling in micro-injection moulding”, Microsystem
Technologies, vol. 15, no. 12, pp. 1861-1872.

[7] Attia, M. and Alcock, J. R. (2010), "Optimising process conditions for multiple quality
criteriain micro-injection moulding”, The International Journal of Advanced
Manufacturing Technology, vol. 50, no. 5-8, pp. 533-542.

[8] Bellantone, V., Surace, R., Trotta, G. and Fassi, |. (2012), "Replication capability of
micro injection moulding process for polymeric parts manufacturing”, Int J Adv Manuf
Technol, vol. DOI 10.1007/s00170-012-4577-2.

[9] BASF site, http://www.basf.conVgroup/corporate/en/ (accessed September 2012).

[10] BSEN ISO 294-4 : 2003, ( 2003), BSEN 1S0 294-4:2003 "Plastic - Injection
moulding of test specimens of thermoplastic materials - Part 4: Determination of
moulding shrinkage.

[11] Statistica Handbook site , Statistical Handbook on line, available at:
http://www.itl.nist.gov/div898/handbook/pri/section5/pri5322.htm Last Access January
2013 (accessed January 2013).

[12] BSEN ISO 294-3: 2003, ( 2003), BSEN 10 294-3 : 2003 - Plastics - Injection
moulding of test specimens of thermoplastic materials - Part 3: Small plates.

[13] Minitab Web Page, http://www.minitab.com/en-
U Sproducts/minitab/default.aspx?WT.srch=1& WT.mc_id=SE004815 (accessed
Novembre 2012).

[14] Carazzolo, G. and Mammi, M. (2003), "Crysta structure of a new form of
polyoxymethylene”, Journal of Polymer Science Part A: General Papers, vol. 1, no. 3,
pp. 965-983.

[15] Velarde, D. A. and Yeagley, M. J. (2000), "Linear shrinkage differencesin plastic
injection molded parts', Plastic Engineering, vol. 56, no. 12.

10



List of tables

Processing Parameters Initial  Vadue Vaue
Values + -
Injection pressure [bar] 850 900 800
Holding pressure [bar] 500 550 450
Melt temperature [°C] 195 200 190
Mould temperature [°C] 100 115 85
Holding time [ 3 4 2

Table 1. POM processing parameters.

Processing parameter combinations Half fractional factorial matrix
Hold Hold Inj. Mould Melt ,
Run  time press. press. temp.  temp. Hold Hold  Inj. Mould Melt
[s] [bar] [bar] [°C] [°C] time press Press temp temp
1 2 450 900 85 190 + - + - +
2 4 450 900 85 200 + - - + +
3 4 550 800 85 200 + + - - +
4 4 550 900 85 190 + - - - -
5 2 550 800 115 190 + + + - -
6 2 550 900 85 200 - - + - -
7 2 550 800 85 190 + - + + -
8 4 450 900 115 190 - + + - +
9 2 450 800 85 200 - + - + +
10 4 450 800 85 190 - - + + +
11 2 450 900 115 200 + + - + -
12 4 550 800 115 190 + + + + +
13 2 550 900 115 190 - + - - -
14 4 450 800 115 200 - + + + -
15 4 550 900 115 200 - - - - +
16 2 550 800 115 200 - + - + -

Table 2. Matrix of half fractional factorial design and processing values.

Run

W [mg]

Sro[%]

Sra[%]

© 00 ~NO O b~ WDNPEP

I e
N P O

46.73+0.39
46.98+0.23

47.64+0.33
47.50+0.52
48.19+0.44
47.60+0.38
46.93+0.31
48.23+0.12
46.57+0.18
46.09+0.44
49.32+0.13
48.99+0.03

7.649+0.008
6.664+0.001

5.108+0.004
6.092+0.009
3.887+0.002
4.972+0.009
6.775x0.007
3.728+0.001
6.968+0.004
7.954+0.010
3.670+0.001
3.683+0.001

11

2.797+0.007
2.909+0.001

2.890+0.001
2.802+0.002
3.217+0.001
2.923+0.001
2.820+0.001
3.253+0.001
3.388+0.009
2.350+0.008
3.096+0.001
3.155+0.001



13
14
15
16

49.15+0.08
48.73+0.19
49.42+0.06
49.73+0.12

3.629+0.001
3.640+0.001
3.373+0.001
3.633+0.002

3.177+0.001
3.297+0.002
3.306+0.004
3.030+0.001

Table 3. Specimen mass results (W) and total shrinkage (Sr) paralel to (p), and normal to

(n), flow direction.

STn Av [%]
3.03+£0.26

STp Low [%]
3.63+0.01

STn Low [%]
2.35+0.01

STp Av [%]
5.09+1.66

Table 4. Lowest and average values for total shrinkage.

Paralld to flow Normal to flow
Mould temperature
Hold pressure
Sr Mould temperature and hold pressure None
Melt temperature
Mould temperature and melt temperature
W Mould temperature, hold pressure, melt temperature
Tableb5. Critical processing parameters.
Holdt | HoldP | Inj.P | MouldT | Melt T
. . Sty [% S [% W [m
8 | [l |[ba] | («q | (g | P e mdl
4 550 800 115 200 | 3.352+0.001 | 3.298+0.004 | 49.42+0.08
Table 6. Optimized parameters with total shrinkage and part mass results.
Stp optim [%0] Stn optim [%0] W optim [Mg]
(3.35) (3.30) (49.42)

Stp av [%] (5.09) -34%
St av [%0] (3.03) +9.2%
W av [Mmg] (47.98) +3%
Srp Low [%0] (13run)  (3.63) -8%
Stn Low [%] (10" run)  (2.35) +40%
W Low [mg] (16" run)  (49.73) -0.1%

Table 7. Optimization stage effect.

List of figures
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Figure 1. POM moulded specimen.

Pareto Chart of the Effects
(response is STp %, Alpha = 0.05)
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Figure 2. Pareto chart of total shrinkage in parallel to the flow direction.
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Figure 3. Main effects of total shrinkage in parallel to the flow direction.
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Figure 4. Interaction plot between holding pressure and mould temperature,

flow direction.
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Interaction Plot for STp %
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Figure 5. Interaction plot between melt and mould temperature, in parallel to the flow

direction.
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Figure 6. Pareto chart of specimen part mass.
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Main Effects Plot for Weight mg
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Figure 7. Main effects plot of specimen part mass.

50.00

49.00

=y
o
o
=}

P

Mass [mg]
3
3

46.00

45.00

>.73

POM Mass

48.19

48.23

47.50

47.64 47.60

46.98 46.93

49.32

49 42
49.15 49.472
48.99x48 73
46.57
46.09

49.73

1 2 3 456 7 8 9 1011121314151617
Specimens

Figure 8. POM part mass distribution.
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