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Abstract: The effects of injection temperature, shear and part thickness on the linear shrinkage of injection-molded poly
(lactic acid) (PLA) were intensively analyzed using the Autodesk Moldflow software. The obtained results showed that
both melt temperature and shear rate had obvious effects on the linear shrinkage of PLA, i.e., the linear shrinkage of
PLA increases significantly with the increase of melt temperature and shear rate. In addition, the shrinkage of high-
crystallinity PLA was remarkably larger than that of low-crystallinity PLA, and thin-walled parts was larger than thick-

walled ones in shrinkage.
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INTRODUCTION

Injection molding (IM) technology is one of the main
fabricating methods for mass production of high
precision plastic parts with complex shapes, and IM
products are widely used in daily life for the present
time [1]. As is known, the shrinkage of IM products is
an important factor that affects the accuracy of IM
products. Otherwise, for sintering molding material,
such as kaolin [2, 3], the shrinkage change may cause
performance degradation. Generally speaking, the
major factors influence the shrinkage of IM products
included temperature, shear rate, mold shape,
etc. Autodesk Moldflow is a well-known tool to analyze
polymer flows in mold cavity during IM process.
Through  simulation  set-up  and illustration,
the researchers can estimate the impact of the IM
process of temperature, shear, thickness, etc. on
shrinkage [4].

Recently, advance in synthetic polymers based on
petroleum has brought in considerable convenience to
our daily life, which meanwhile leads to severe
problems, e.g., overexploitation of fossil resources,
environmental pollution and so forth [5]. Therefore, it is
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of practical significance to develop alternative and
biodegradable polymers that are non-petroleum-based
feedstock [6, 7]. Poly (lactic acid) (PLA), which is a
biodegradable polymer with high strength and modulus.
PLA has currently found wide applications in
packaging, construction, medical and many other areas
[7-10]. In addition to the relatively high cost, its poor
dimensional stability, brittleness and poor impact
strength considerably limit its further application.

Much attention has been paid to the effect of IM
conditions on the shrinkage of IM polymers since
1990s [11-15]. Jansen et al. [16] reported that the main
factor affected processing parameters were the melt
temperature and the filling pressure. Higher filling
pressure led to the Ilower shrinkage, and high
temperature was better for pressure transmission, that
means, the higher injection temperature generally
resulted in lower shrinkage [17-20]. Kumazawa et al.
[21] believed that higher mold temperatures would
result in an increase of shrinkage. Kitti et al. [22]
discovered that stronger shear led to lower linear
shrinkage of polymers.

Up to now, the researches on PLA shrinkage were
basically concentrated on the film industries [23-26].
Only scarce work has been carried out on the IM
products of PLA materials. In this article, we studied
the effects of temperature, shear rate and part
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Table 1: Material Parameters of Nature Works PLA 7032D (PLA1) and Nature Works PLA 7000D (PLA2), as Provided
by the Manufacturer
P-V-T parameters (unit) Nature Works Nature Works
PLA 7032D PLA 7000D
bs (K) 348.15 8 542.15_7
bs (K/Pa) 9.55 x 10 1.0x 10
B (M3/kQ) 8.259 x 10™* 8.460 x 10°*
b2m (M*kg-K) 8.503 x 107 5.649 x 107
bam (Pa) 1.628 x 10° 1.35097 x 10°
bam (1/K) 6.22 x 10° 4.67 x 107
bys (M°/kg) 8.214 x 10 7.327 x 10
bas (M*/kg-K) 4.469 x 107 8.609 x 10°
bss (Pa) 2.142 % 10° 4322 x 10°
bas (LK) 6.079 x 10° 5.058 x 10°
br (mlkg) 0 1132 % 10
ba (1K) 0 0.0332
s (1/P2) 0 6.121 x 10°®

thickness on the shrinkage of PLA IM products based
on the Computer Aided Engineering (CAE) method.
The objective of the present study is to disclose the
effect of various influencing factors on the shrinkage
behavior of PLA IM products, which will be of great
help to further optimize the operational variables of
PLA during IM process.

EXPERIMENTS AND SIMULATION
Material Specifications

The polymer resins used in this study were Nature
Works PLA 7032D (labeled as PLA 1) supplied by
Cargill Dow LLC, with melt flow rate (MFR) of 8.0
g/10min under 210 °C/2kg, and Nature Works PLA
7000D (labeled as PLA 2) supplied by Cargill Dow LLC,
with MFR of 7.0 g/10min under 210 °C/2kg. Table 1

lists the P-V-T parameters provided by the
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manufacturer, Figure 1 shows the P-V-T curves of both
PLA resins, with the material parameters listed in Table
1.

Part Geometry

The IM operations were carried out in two mold
cavities with the dimensions of 1Immx10mmx150mm
and 4mmx10mmx150mm, respectively, using the
Pro/Engineer (PROE) package.

Processing Condition Set-Up

The specimens used for measurement of the
shrinkage of the PLA were injected under different
conditions by varying melt temperature, mold
temperature, injection pressure, injection velocity,
cooling and holding time, as demonstrated in Table 2.
In various tests, only one of these parameters
changed, with other parameter values kept constant for
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Figure 1: P-V-T curves of Nature Works PLA 7032D and PLA 7000D.
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Table 2: Processing Parameters Selected in the Injection Moldings of PLA
Processing condition Parameters values
Melt temperature (°C) 180 190 200 210 220
Mold temperature (°C) 20 25 30 35 40
Injection pressure (MPa) 40 50 60 70 80
Injection velocity (g/s) 40 50 60 70 80
Holding time (s) 2 4 6 8 10
Cooling time (s) 10 15 20 25 30
better comparison. To be specific, the injecion =~ RESULTS AND DISCUSSION

temperature is 200 °C, molding temperature 25 °C,
injection pressure 60 MPa, injection velocity 60 g/s,

holding time 6 s, and the cooling time 20 s.

The variations of shear rate, temperature and linear
shrinkage with temperature, at different thicknesses of
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Figure 2: Effects of temperature and shear on shrinkage of PLAL. (a-c) cavity thickness = 1 mm, (a’-c’) cavity thickness = 4

mm.
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PLAL1 at the gate end, middle and far end of the cavity
were shown in Figure 2. From Figure 2a, it can be seen
that there existed strong shear rate in flow direction
during 0-6 s in the 1 mm cavity, indicating that the
molecular chains had strongly been oriented. Figure 2b
showed that the temperature of 1 mm cavity dropped to
the mold temperature within an initial 6 s. In the range
of 0-6 s, the PLA molecular chains were oriented along
the flow direction, and during the same period the PLA
melt dropped to mold temperature so fast that the
orientation could be preserved, and the linear
shrinkage was thus low [16].

From Figures 2a’-2c’, it can be seen that the shear
rate of 4 mm cavity in flow direction was relatively

small, and there was almost non-existent molecular
chain orientation in flow direction. In the 4 mm cavity,
melt temperature decreased slowly, as clearly shown in
Figure 2b’. As can be seen from the comparison
between Figures 2a-2c and Figures 2a’-2c’, we can
see that the effect of part thickness on the linear
shrinkage for PLA1l. The linear shrinkage of 4 mm
cavity was larger than that of 1mm one, which is
because the flow resistance of melt in the 4 mm cavity
was lower than that of the 1 mm one. Considering the
stronger shear rate and larger temperature drop, there
was an obvious final crystallization phenomenon, and
the relaxation of the molecular chains was larger as
well, leading to higher linear shrinkage.
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Figure 3: Effects of temperature and shear on shrinkage of PLA2. (a-c) cavity thickness = 1 mm, (a’-c’) cavity thickness = 4

mm.
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The variations of shear rate, temperature and linear
shrinkage with time of PLA2 material at the gate end,
middle and far end were shown in Figure 3. As shown
in Figure 3a, in flow direction, there existed strong
shearing effect in the 1 mm cavity during 0-6 s, which
caused strong oriented molecular chains. As can be
seen in Figure 3b, the temperature of 1 mm cavity
dropped to the mold temperature in an initial 6 s. In the
range of 0-6 s, the linear shrinkage of the 1 mm cavity
decreased rapidly (cf. Figure 3c), mainly because the
PLA molecular chains were oriented along the flow
direction during this period, and the molecular
orientation can be preserved due to a large
temperature drop.

Comparison between Figures 3a-3c and Figures
3a’-3c’ showed that the effect of part thickness on the
linear shrinkage for PLA2. The linear shrinkage at the
far end was greater than that at the gate end; while the
linear shrinkage at the gate end was larger than that at
the middle. Comparing Figures 2 and 3, it was obvious
that the shrinkage of PLA2 was lower than PLAL,
mainly due to the lower crystallinity of PLA2 (i.e., the
larger crystallinity, the larger shrinkage).

CONCLUSIONS

In this work, we intensively investigated the effects
of temperature, shear rate and part thickness on the
shrinkage of two injection-molded PLAs using the
MPI/3D flow simulation. The obtained results indicated
that the melt temperature and shear rate had an
obvious effect on the linear shrinkage of PLA, namely,
the higher melt temperature or stronger shear rate, the
larger linear shrinkage of PLA. Moreover, the shrinkage
of high-crystallinity PLA was significantly larger than
that of low-crystallnity PLA, and the shrinkage of thin-
walled products was larger than that of thick-wall ones.
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