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Foam injection molding of poly(lactic) acid: Effect of back pressure on
morphology and mechanical properties

Valentina Volpe, Roberto Pantani
Department of Industrial Engineering, University of Salerno, Italy
Correspondence to: V. Volpe (E - mail: vavolpe@unisa.it)

ABSTRACT: Foam injection molding is a processing technology applied to produce a plastic part of a well-defined shape, containing a

significant fraction of voids and thus consuming less material without sacrificing mechanical properties. This technology is particularly

interesting for biodegradable polymers and in particular for poly(lactic acid), PLA, since it can be adopted to save material and to avoid

thermal degradation due to its high viscosity at high shear rates, which requires high temperatures in traditional injection molding pro-

cess. In this work a traditional injection molding machine, modified just in the cylinder to allow the gas injection, was adopted to

obtain foam injection molding of a PLA grade. In particular, the effect of back pressure on foaming was assessed. Back pressure is the

pressure imposed at the back of the screw when it is returning back to prepare a new amount of material to be injected (batching

phase) and thus is particularly relevant in the formation of the polymer2gas mixture. It was shown that on increasing the back pressure

the percentage of foaming agent inside the injection chamber is smaller, and thus foaming is less effective. The obtained samples were

characterized as far as density and mechanical properties are concerned and it was found that it was possible to reduce the density of

about 25% without a significant loss of mechanical properties. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42612.

KEYWORDS: biodegradable; foams; mechanical properties; morphology
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INTRODUCTION

Foam injection molding is a processing technology in which a

variant of the more traditional injection molding process is

applied to produce a plastic part of a well-defined shape, con-

suming less material without sacrificing mechanical properties.

The saving of material is achieved by creating voids by means of

a foaming agent. In the “low pressure” version of foam injection

molding, a controlled melt solution (plastic and blowing agent)

is injected into the cavity to only partially fill the mold (realizing

a so called “short shot”). Because of the sudden reduction of

pressure the blowing agent expands and the foam fills the cavity.

To produce a foamed part with optimal properties, it is essential

to optimize the injection molding processing parameters. The

main variables involved are the amount of melt injected (namely

the percentage of the cavity filled with the short shot), the mold

and melt temperatures, the type and concentration of blowing

agent, and the imposed flow rate. Some recent studies in the liter-

ature have dealt with the effect of various processing parameters

like amount of gas, screw rotation speed, gate thickness, injection

flow rate, melt temperature on the cell size, and cell density.1–3

The presence of gas inside the polymer can reduce its viscos-

ity,4,5 thus allowing the processability of the polymer at lower

temperatures and pressures. This is an advantage particularly

for biodegradable polymers, which are thermally sensitive and

have narrow processing windows.6 The increasing interest for

biodegradable polymers has therefore further boosted the appeal

of foam injection molding.7 Among biodegradable polymers,

polylactide (PLA) is the one that received most of attention by

the researchers. However, it is very difficult to control the foam-

ing of PLA by injection molding, because of its low melt

strength and slow crystallization kinetics,8–10 which makes it

very challenging to achieve uniformly distributed fine-celled

PLA foams with high void fractions.11,12 For these reasons, just

a few and quite recent studies on foam injection molding of

PLA are available in the literature.

In a previous article13 foaming of the same material adopted in

this work was carried out, considering the effect of mold tem-

perature, injection flow rate, and the addition of nucleating

agents on the morphology of injection molded foamed parts

was analyzed. In this work, another important process variable,

namely the back pressure, was analyzed for the optimization of

foam injection molding of PLA. Back pressure is the pressure

imposed at the back of the screw when it is returning back to

prepare a new amount of material to be injected (batching

phase). In the batching phase, the polymer is loaded and the

VC 2015 Wiley Periodicals, Inc.
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gas is simultaneously injected inside the cylinder. On increasing

the back pressure, the batching time increases and thus also the

mixing is longer. It is therefore expected that a higher back

pressure allows a better gas dispersion inside the polymer

melt.14 Indeed, the back pressure also determines the amount of

polymer conveyed from the cylinder toward the nozzle: a force

balance sets in between the back pressure (which acts at the

back of the screw), the friction along the screw and the pressure

at the tip of the cavity which is given by the melt which accu-

mulates in the injection chamber and, for the special case of

foam injection molding, the gas injected. On decreasing the

back pressure, the screw can be pushed back by the gas injected

and the amount of polymer in the injection chamber can

decrease. The study of the effect of back pressure is therefore

nontrivial.

MATERIALS AND METHODS

A commercial grade of PLA produced by Natureworks with the

trade name of 4032D with a D-enantiomer content of �2% and

with a maximum degree of crystallinity of about 45%15 was

adopted. PLA 4032D has a molecular weight distribution char-

acterized by Mn 5 120 kg/mole and Mw 5 210 kg/mole. A rheo-

logical characterization of the material was carried out by a

rotational rheometer in dynamic mode in parallel plates config-

uration. Figure 1 shows the results of rheological measurements,

in terms of a master curve at T 5 2008C. aT represents the ther-

mal shift factor, whose values are reported in the insert of

Figure 1.

A traditional injection molding machine (a 70 ton Negri-Bossi

press) with screw diameter of 25 mm and L/D 5 22 was

adopted. Soon downstream from the shut-off nozzle, having a

diameter of 2 mm, the sprue tapered from a diameter of

4,7 mm (at nozzle side) to a diameter of 7 mm (at mold side)

over a length of 80 mm. The runner had a diameter of 8 mm

and was 68 mm long. The material was injected into a line

gated rectangular cavity of 120 mm 3 30 mm 3 4 mm (the lat-

ter dimension refers to cavity thickness). A gate with 0.5 mm of

thickness and 6 mm of length was chosen, in order to have a

maximum pressure drop at the cavity entrance thus reducing

foaming inside the sprue and the runner.

The molding machine and the mold were equipped with four

piezoelectric transducers for pressure measurement, which

were located along the flow path: one just before the gate, and

three in the cavity at 15 mm, 60 mm, and 105 mm from the

gate. These positions will be referred to as P1, P2, P3, and P4,

respectively. The pressures were acquired by a data acquisition

system. A complete description of cavity geometry is reported

in Figure 2.

The very narrow processing window of the PLA, due to the sen-

sitivity to thermal degradation, restricts the injection tempera-

ture range at 18022208C, while the relatively low glass

transition temperature limits the mold temperature below

552608C.16,17 Table I shows the experimental conditions

adopted in this work.

Figure 1. Rheological measurements on PLA Natureworks 4032D.

Figure 2. Schematic view of the cavity.
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A volumetric pump connected by an injector to the cylinder of

the injection molding machine allows monitoring of the

amount of gas injected during the batching step. Knowing the

values of pressures and volumes before and after the injection

of gas by means of the pump, the molar volume of nitrogen

allows to obtain the numbers of moles injected and the corre-

sponding amount in grams.

In this work, the effect of back pressure, bp, on the foamed

parts was investigated. In particular, the length of batching and

the pressure of the gas injected were kept constant and tuned so

to obtain a complete part with a back pressure of 5 bar, whereas

the back pressure was changed in the range from 2 bar to 5 bar.

These values correspond to the back pressure in the hydraulic

system. On the melt, the pressure was about 18 times larger.18

Being the gas pressure 100 bar, it was not possible to inject gas

with back pressures higher than 5 bar (corresponding to about

90 bar on the melt. It is important to note that the shot volume

supplied must include not only the cavity volume, but also a

scrap volume comprising sprue, runner, and gate.

Density Measurements

Density measurements were performed at 258C by weighing the

samples immersed in water on the basis of Archimedes’ princi-

ple. The measurements were carried out on the whole molded

parts and on samples 10 mm long, cut horizontally at 10 mm

and 80 mm from the gate, as shown in Figure 3(a). Density

measurements will be expressed in terms of density reduction,

R, with respect to the unfoamed part according to eq. (1),

where q0 is the density of the unfoamed PLA and qf is the den-

sity of the foamed part.

R5
q02qf

� �

q0

(1)

Table I. Experimental Conditions

Injection temperature (8C) 200

Gas pressure (bar) 0, 100

Injection flow rate (cm3/s) 18

Rotation speed (rpm) 200

Shot volume supplied (cm3) 27

Back pressure, bp (bar) 225

Mold temperature (8C) 25

Figure 3. (a) Specimen cut at two positions along the flow path for density measurements; (b) specimen used for mechanical tests.

Figure 4. Comparison between an unfoamed (left) and a foamed part

(right) obtained with a back pressure, bp, of 5 bar.
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Mechanical Tests

Samples for mechanical tests were cut vertically into two sym-

metric parts as shown in Figure 3(b). One of these parts was

used for flexural test and the other part for tensile test.

Flexural tests were carried out by means of a universal testing

machine mod ATSFAAR TC1000, with a load cell of 10 KN.

The specimen was placed on two supports with a distance of

60 mm and loaded midway between the supports with a speed

of 5 mm/min.

Tensile tests were performed by using the same machine. The

test specimens were placed in the grips with a gage length of

60 mm and loaded at a speed of 10 mm/min until breaking.

A normalized modulus EN was calculated as:

EN 5
EF

E0

� q0

qF

(2)

where EF is the Young’s modulus of the foamed sample, E0 is

the Young’s modulus of the unfoamed sample, q0 is the density

of the pure PLA, and qF the density of the foamed PLA sample.

The normalized modulus allows to keep into account the den-

sity reduction and the change of modulus.

RESULTS

Injection Molding

In Figure 4 it is possible to observe the appearance of an

unfoamed sample (left) and a foamed one, obtained with a bp

of 5 bar (right). Samples obtained by traditional injection mold-

ing appear transparent and with a smooth surface. However,

they present surface shrinkage marks, typical of injection-

molded samples during the cooling phase in the absence of

holding pressure. Samples obtained by foam injection molding

keep perfectly the shape (no shrinkage during the cooling

phase) even without holding phase. They appear white and opa-

que, with surface streaks representing the flow lines.

The pressure evolution measured during the injection molding

tests carried out without gas injection are shown in Figure 5(a).

Figure 5. Pressure evolution measured during the injection molding test carried out: (a) without gas; (b) with gas and a back pressure of 5 bar.

Figure 6. Pressure evolution in two positions versus the injected volume.

“bp” stands for back pressure.

Figure 7. Volumes of N21PLA solution injected (measured at 1800 bar)

for different back pressures (imposed by the hydraulic system) and grams

of N2 present in the volume.
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It can be noticed that, due to the presence of a thin gate and a

relatively large cavity thickness, the pressure inside the cavity is

homogenous. The filling phase lasted about 1.5 s, as evidenced

by the screw position. Afterwards, the pressure soon before the

gate keeps on increasing, mainly because of the large compressi-

bility of the material, for about 0.7 s until the screws is moved

back and the pressure in the channel soon drops down. Due to

this pressure reduction upstream, also the pressure inside the

cavity suddenly reduces because of backflow, namely some

material leaves the cavity going back through the gate. After

about 3 s from the start of filling the gate solidifies and the

pressure curves inside the cavity start to decrease at a lower

rate, essentially determined by the cooling. After 8 s, the pres-

sure inside the cavity reaches zero and thus the polymer

detaches from the cavity surface. The molded part is therefore

smaller then the cavity. The part was demolded after 90 s.

The pressure profiles deeply change in the presence of gas. In

Figure 5(b) the pressure profiles measured during the test con-

ducted with a backpressure of 5 bar are reported. It is possible

to notice that the pressure values are much lower everywhere,

in spite of the fact that the cavity results completely filled at

ejection. This is obviously due to the presence of gas which

expands and compensates the thermal shrinkage.

As specified above, the back pressure also determines the

amount of polymer conveyed toward the injection chamber dur-

ing the batching phase. This means that on decreasing the back

pressure, for the same injected volume (corresponding to set

length of batching multiplied by the screw section) a lower

mass of polymer is expected to be injected into the cavity. This

completely changes the compressibility and the other physical

properties of the injected mixture as evidenced by Figure 6, in

which the measured pressure profiles in pos. P1 and P2 are

reported versus the injected volume calculated by the screw

position for some of the tests conducted in this work. The pres-

sure at a given position starts to increase when the material

reaches that position. Figure 6 demonstrates that the volume to

Table II. Geometrical and Physical Features of the Foamed Samples of PLA 4032D at Different Back Pressures in the Hydraulic System

Back pressure
(bar)

Amount of N2

in PLA (g) Length (mm)
Filled cavity
volume (%)

Reduction in
density (%)

2 0.62 91.22 76.0 25

3 0.58 98.09 81.7 27

4 0.51 112.15 93.5 15

5 0.39 120.00 100.0 12

Figure 8. Vertical section of the foamed samples at different back pressures. The material flow direction is from right to left.

Figure 9. SEM micrographs of the section at 60 mm from the gate (flow/expansion direction toward the reader) of samples molded with back pressure

3 bar and 5 bar, respectively. The midplane is marked with dotted lines.
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be injected in order to reach a given position increases on

decreasing the back pressure. This clearly indicates a larger com-

pressibility of the shot with a lower back pressure due to a

larger amount of gas.

To better quantify this phenomenon, some tests were carried

out by keeping the nozzle closed for some seconds while the

pressure imposed by the screw was equal to 1800 bar. During

these tests, the screw moved forward and the volume of the

shot reduced from the initial (set) value to a value determined

by the compressibility (which is essentially determined by the

amount of polymer). The screw position was monitored and

this allowed to compare the volumes of the injected shots for

the same pressure and temperature. The volumes are reported

in Figure 7 together with the grams of N2 injected for each con-

ditions (determined by the volumetric pump).

It can be observed that at higher values of back pressure a larger

quantity of PLA-N2 mixture and a lower value of N2 are

injected. The lower amount of gas is determined by the smaller

difference between the pressure in the cylinder during the gas

injection and the gas pressure. On increasing the back pressure,

the batching time increases and the mixing is probably more

efficient, but the percentage of foaming agent inside the injec-

tion chamber is smaller as also reported in Table II. It is there-

fore expected that the foaming is more effective for lower values

of back pressure. However, due to the poorer mixing, not all

the injected gas takes part to the foaming process, and therefore

the volume of the injected part is smaller.

Table II also reports the length of the samples, the filled cavity

volume, namely the ratio between the cavity volume filled by

the injected polymer and the cavity volume (14.4 cm3), and the

density reduction with respect to the unfoamed samples. On

increasing the back pressure, samples are longer and have higher

density.

Figure 8 shows a length-thickness section of foamed samples at

increasing bp from the bottom upwards. As stated previously,

sample length increases with the bp and only the sample

obtained with a bp of 5 bar results to be complete.

In samples obtained with back pressures of 4 and 5 bar, foam-

ing mostly occurs at the tip of the part. For most of the sample

length, just regions close to the midplane present voids, whereas

a significant layer close to the sample skin is completely

unfoamed. The samples obtained with a bp of 4bar, in particu-

lar, show very large voids, having a characteristic dimension of

more than 1 mm, in the core region. The morphology is differ-

ent for samples obtained with back pressures of 2 and 3 bars.

Figure 10. Density reduction of PLA 4032D at 10 mm and 80 mm from

the gate, obtained with different back pressure.

Figure 11. Pressure profiles measured for two different back pressures.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 12. (a) Modules of elasticity obtained by flexural tests at 5 mm/min for PLA 4032D samples foamed with different back pressure; line represents

the average value of the flexural modulus of samples without gas; (b) normalized modulus of elasticity.
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In these cases, foaming is more homogeneous in the whole sam-

ple, even if at regions closer to the gate a significant unfoamed

skin layer exists, with just some large voids (having characteris-

tic dimension of the order of 100 mm) at sample core.

Figure 9(a,b) show SEM micrographs of the half-thickness sec-

tion at 60 mm from the gate (flow/expansion direction toward

the reader) of samples molded with back pressure 3 bar and 5

bar, respectively.

As it is possible to observe, sample molded with bp 5 3 bar

shows compact skin thickness lightly smaller than that of the

sample molded with bp 5 5 bar. A significant difference between

the morphologies of the two samples is in the remaining part.

This area can be divided in two zones: the transition layer,

which begins at the end of the skin layer, and the core region,

which lies in the middle of the sample. The samples molded

with bp 5 3 bar shows a large transition layer (about 1 mm

thick), consisting in cells with size in the range 502150 mm sur-

rounded by compact zones, and a core region consisting in a

great number of small cells (smaller than 100 mm). The sample

molded at 5 bar shows a small transition zone (about 300 mm)

and a core region consisting in a large compact zone and a few

cells with diameter higher than 150 mm.

As observed above, the morphology of the samples is not

homogeneous along the length direction. As a consequence, the

density reduction is also not homogenous. Density measure-

ments were carried out on specimens taken at two positions

along the flow path [Figure 3(a)] and the results are reported in

Figure 10. A large difference in density exists between the part

closer to the gate and the part at 80 mm from the gate. This is

due to the pressure inside the cavity which, as shown in Figure

11, increases on increasing the back pressure and inhibits the

foaming.

Mechanical Properties

Figure 12(a) shows the flexural modulus measured on the ana-

lyzed specimens.

With increasing back pressure, it can be observed an initial

reduction in modulus with respect to the modulus of the

unfoamed part, and a subsequent increase at high bp. If the

modulus is normalized by eq. (2), values larger than 1 are

found [Figure 12(b)]. This means that the decrease in modulus

is less relevant than the decrease in density.

Figure 13 reports the modulus of elasticity obtained from tensile

tests at different back pressures. In this case, measurements pro-

vided values of normalized modulus smaller than 1 for all back

pressures except the largest one (5 bar). The difference in

behavior between tensile and flexural moduli are due to the

inhomogeneous foaming of the samples along the thickness

direction.19 The unfoamed skin layer, which deforms more dur-

ing flexural tests, essentially determines the mechanical proper-

ties for that kind of solicitation. The core region, more foamed,

is located instead close to the neutral axis. On the other hand,

tensile tests solicit the whole section of the specimen and thus

the measured properties are poorer, especially in the presence of

large cells.20,21

The tensile strength, reported in Figure 14(a), shows a mini-

mum in correspondence of bp equal to 3 bar. The strain at

break [Figure 14(b)] shows a decreasing trend with the bp,

essentially following the general trend of density reduction.

CONCLUSIONS

Foam injection molding of a commercial grade PLA was carried

out by a traditional injection molding machine, modified only

in the cylinder to allow the gas injection. The effect of back

pressure on the batching phase and on the foamed part was

Figure 13. Normalized modulus of elasticity obtained from tensile tests at

different back pressures.

Figure 14. Tensile strength at break (a) and strain at break (b) of PLA 4032D foamed part at different back pressures and the unfoamed part.
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analyzed, keeping constant the length of batching and the pres-

sure of the gas injected. In particular, the back pressure was

changed in the range 2–5 bar in the hydraulic system corre-

sponding to about 35290 bar on the melt. On the basis of the

experimental observation carried out, it could be concluded

that:

� On decreasing the back pressure, a lower amount of polymer

is injected due to the fact that the gas pushes back the screw

reducing the conveying of polymer toward the injection

chamber. The resulting samples are therefore shorter but

more foamed, with density reductions as high as 25%.

� Foaming improves going from the gate to the tip of the part,

due to the smaller pressures reached which enable foaming.

� Flexural tests provided values of normalized modulus larger

than 1, meaning that the density reduction marginally affects

the value of the modulus. This happens because the

unfoamed skin layer determines the mechanical properties

during flexion.

� Tensile measurements provided instead values of normalized

modulus smaller than 1 for all back pressures except the larg-

est one (5 bar). This happens because the presence of large

voids in the foamed specimens reduces the effective load

bearing area, resulting in tensile strength and Young’s modu-

lus of the microcellular specimens lower than that of their

solid counterparts.
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