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Abstract It is well known that water-assisted injection

molding (WAIM) process can be fulfilled based on the melt

filling stage of conventional injection molding (CIM)

process. However, due to the different physical fields

involved during WAIM and CIM processes, WAIM part

should exhibit unique morphological features compared

with the CIM one. In this study, isotactic polypropylene

(iPP) parts were prepared by WAIM and CIM, respec-

tively, and their comparative study on morphology were

therefore carried out by means of polarized optical

microscopy (POM) and two-dimensional (2D) wide-angle

X-ray diffraction (WAXD). POM observations illustrated

that the WAIM part exhibits a ‘‘skin–core–water channel’’

structure, while the CIM part shows a typical ‘‘skin–core’’

structure. 2D-WAXD results showed obvious arclike

reflections in each position along thickness direction of the

WAIM part, indicating a pronounced molecular orienta-

tion. Furthermore, a parent–daughter model (or branched

shish-kebab structure) appears at 0 and 100 lm for both the

parts, and the fraction of daughter lamellae for WAIM part

is lower than that of CIM part. As for the 1D-WAXD

curves, it is noticed that there is a very tiny (300) reflection

of b-form in the CIM part, while it is invisible in all

positions of the WAIM part. In addition, the crystallinity

and crystalline size L of CIM part are found to be higher

than that of WAIM part. Those results demonstrate that

water penetration and rapid cooling rate have a significant

effect on the morphological features of WAIM part.

Introduction

Water-assisted injection molding (WAIM), an innovative

injection molding technique [1–6], has gradually become

one of the most important methods producing hollowed

plastic parts. One of the typical WAIM processes, illus-

trated in Fig. 1a, can be described as follows. Firstly, the

cavity is partially filled (short-shot) with polymer melt.

Secondly, the pressurized water is injected into the core of

the polymer melt and assists the melt to fill the cavity.

Finally, the injected water continues to pack the melt till

the melt is fully solidified. Recently, because of the light

weight of WAIM products, relatively lower resin cost per

part, shorter cycle time, as well as its flexibility in the

design and manufacture of plastic parts [1–9], WAIM has

received great interests.

So far, the crystalline morphology of the semi-crystal-

line polymers molded by conventional injection molding

(CIM) has been studied intensively. Numerous researchers

have demonstrated that the shear stress in CIM process has

significant effect on the subsequent development of crys-

talline structure and orientation [10–17]. For example, in

the case of isotactic polypropylene (iPP) molded by CIM,

quite apparent orientation is fabricated in the skin layer,

and furthermore, some shish or shish-kebab structure is

always observed due to the combined effect of strong shear

flow and fast cooling rate at the melt filling stage [12, 16].
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However, because of shear flow attenuation and tempera-

ture gradient from skin to core, spherulites or randomly

distributed lamellae are formed in the core region. Over the

years, the hierarchical structure and crystalline morphology

of injection molded parts have been intensively charac-

terized. The dispersed phase morphology of polymer

blends in WAIM parts has been studied by Liu et al. [5, 6]

and Huang and Zhou [7]. However, to the best of our

knowledge, crystalline morphology developed during the

complex processing conditions in WAIM process is scar-

cely reported in the open literatures.

In our previous study [9], the hierarchical structure and

crystalline morphology of high density polyethylene

(HDPE) molded by WAIM was studied solely by 2D-

SAXS. The results showed that the shish-kebab structure is

formed in the skin and water channel zones because of the

shear stress brought by the melt filling and water penetra-

tion, respectively. Obviously, it is limited to present the

panorama of the morphological features and their distri-

bution of other semi-crystalline polymers molded by

WAIM.

It is well known that iPP has good comprehensive

properties, thus iPP is widely used as a commodity plastic.

Moreover, iPP is a polymorphic material with several

crystal modifications, including monoclinic a-phase, the

trigonal b-phase, the orthorhombic c-phase, and smectic

mesophase. Thus, iPP is always used as representative

template to study the crystalline evolution during CIM

process. Considering that WAIM process can be fulfilled

based on the melt filling stage for CIM process, in the

present study, the crystalline morphology of pure iPP

molded by WAIM is therefore investigated through com-

parison with that of the corresponding CIM part.

Experimental part

Material

Commercially available iPP (T30S) was purchased from

Lanzhou Petroleum Chemical Co., China. Its Mn and melt

flow index is ca. 11.0 9 104 g/mol and 2.6 g/10 min

(190 �C, 21.6 N), respectively.

Sample preparation

A home-made water injection unit, consisting of a pres-

surized water generator, a conveying unit, and an injection

pin, was developed based on a pressurized water system

(Maha, M16/9, Italy) in our laboratory. The water injection

pin is of orifice type, whose inner diameter is ca. 0.5 mm.

A HTF80B-W2 injection molding machine (Haitian,

China) was used for melt injection. In order to provide a

route for water penetration, the main bodies of both WAIM

and CIM parts were designed into a cylindrical shape, with

a diameter of 10 mm and a length of 300 mm. The dif-

ference between them is that the CIM part exhibits a solid

structure, while the WAIM part has a hollowed one. The

thickness of the residual wall for WAIM part is about

1.6 mm.

The barrel temperature of the injection molding machine

was 170, 185, 205, and 200 �C, respectively, from the

hopper to nozzle. Both mold and injected water were kept

at room temperature. The melt injection and the water

injection pressures were 60 and 15 MPa. Other processing

parameters, e.g., the water injection delay time is 2 s, and

short-shot size is 80 vol%. The processing parameters used

for CIM parts were generally the same as the WAIM part,

Fig. 1 Schematic of WAIM

process based on short-shot

(a) and the samples preparation

of WAIM part (b1) and CIM

part (b2) for 2D-WAXD

measurements (A, C) and POM

observation (B, D)

J Mater Sci (2011) 46:7830–7838 7831

123



except that no water injection and packing was applied on

the former.

Characterization

The Macroscopic hierarchical structure of iPP molded by

WAIM and CIM were investigated via polarized optical

microscope (OLYMPUS BX61). The sample slice with a

thickness of 10 lm was cut from the middle of the part (see

Fig. 1b), and placed between the two glass slices.

2D-WAXD measurements were employed to charac-

terize the crystalline structure and molecular orientation

distribution of WAIM part. 2D-WAXD patterns were col-

lected in a scattering beamline at the National Synchrotron

Radiation Laboratory, University of Science and Tech-

nology of China, Hefei. The chosen X-ray wavelength k
was 1.54 Å, where the sample to detector distance was

400 mm. A MAR 345 image plate detector was employed

to collect all the 2D-WAXD images. The sample prepa-

ration and the selected region for 2D-WAXD measure-

ments are illustrated in Fig. 1b.

Results and discussion

Macroscopic hierarchical structure

The macroscopic hierarchical structure of iPP molded by

WAIM in thickness direction is shown in Fig. 2. The thin,

oriented skin layer and water channel zone, as well as an

anisotropic intermediate zone can be observed. In the

magnified micrographs of the region near the skin surface

(left bottom) and water channel surface (right bottom), it is

found the thickness of the oriented skin zone and water

channel zone is about 50 and 20 lm, respectively. Some

small spherulites of varying sizes can be observed in these

regions. Unfortunately, the size of these spherulites is too

small to be determined. Nonetheless, the spherulites near

the water channel zone are slightly larger than those in the

skin zone, showing a different micromorphology. As

shown by the higher magnified intermediate zone (middle

bottom), comparatively large spherulites can be observed,

and the diameters of the spherulites are around 10–40 lm.

As clearly shown in Fig. 1a, after the melt filling,

pressurized water penetrates subsequently in the core of

melt. It is certain that the rapid cooling rate brought by the

injected water will dramatically affect on the interior melt.

The melt in skin and water channel regions has a higher

cooling rate, which induces a higher nucleation density

[10]. Thus, a large number of very small spherulites

develop in the skin and water channel zones, and fewer but

larger spherulites appear in the intermediate zone.

As mentioned above, the thermo-mechanical field in

WAIM process is more complicated than that in CIM

process. It can be envisaged that a more distinct mor-

phology will be developed during WAIM process due to

the water penetration. It is therefore interesting to make a

comparison between WAIM and CIM parts for the better

understanding of the crystalline morphology evolved dur-

ing WAIM process. Figure 3 shows the typical skin–core

hierarchical structure of the CIM part, which is character-

ized clearly by two distinct regions: an oriented skin zone

and a spherulitic core with essentially no preferred orien-

tation (referred as ‘‘core zone’’). Apparently, the size of

spherulites increases gradually from the skin to core zone.

Similarly, in the skin zone for both the parts, the tiny

crystallites are formed, but the crystallites in the CIM part

are somewhat larger than those in the WAIM part. Besides,

Fig. 2 POM micrographs of skin–core-water channel crystalline structure of WAIM part. The flow direction is vertical
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the skin zone has basically no obvious change in thickness

compared with that of WAIM part. In the core zone, the

average diameter of CIM spherulites is much larger than

that of WAIM spherulites in the intermediate zone. The

lower level of shear and smaller cooling rate in the core

zone of CIM part, allowing a longer time to grow into big

spherulites, is responsible for this phenomenon. Interest-

ingly, b-form-like crystals with loosely packed lamellae is

easily distinguished in CIM part (shown by the arrows in

Fig. 3), especially in the region away from skin surface.

However, they are scarcely seen in WAIM part.

Orientation

In order to better understand the orientated crystallization,

WAIM and CIM parts were characterized by 2D-WAXD

measurements. For a brevity purpose, the WAXD mea-

surements were taken at 0, 100, 800, 1500, 1600 lm (i.e.,

water channel surface) for the WAIM part, and 0, 100, 800,

1600, 5000 lm (i.e., the core) for the CIM part, respec-

tively, in the thickness direction. The ‘‘0 lm’’ is defined as

the first signal picture by 2D-WAXD measurements from

the outer surface (i.e., skin surface) for both the parts.

Figure 4 shows the WAXD patterns at the selected

positions of WAIM and CIM parts. For both the parts, the

diffraction intensity distribution consists of five diffraction

rings associated with different lattice planes of iPP, cor-

responding to (110), (040), (130), (111), and (131) from

inner to outer circles, respectively, which are the charac-

teristic of a-phase crystals. At a given position, the

reflections of WAIM part show a much stronger azimuthal

dependence than those of the CIM part, indicating a higher

level of molecular orientation. Whereas for CIM part (see

Fig. 4b), the arclike reflection is only seen at 0 and

100 lm, and the isotropic rings can be visibly seen in other

positions due to chain’s random orientation. Especially, the

parent–daughter model (or branched shish-kebab struc-

ture), determined by the (110) reflection, appears at 0 and

100 lm for both the parts.

In order to quantitatively estimate the molecular orien-

tation in different positions of the WAIM and CIM parts,

the azimuthal patterns of the (040) reflection at different

distances are illustrated in Fig. 5. The molecular orienta-

tion is estimated using the Hermans orientation function

by [18],

f ¼
3 cos2 u
� �

� 1

2
ð1Þ

cos2 u
� �

¼
R p=2

0
I uð Þ cos2 u sin udu
R p=2

0
I uð Þ sin udu

ð2Þ

where u is the angle between the normal of a given (hk0)

crystal plane and the flow direction, and I is the intensity.

The critical values of orientation function f, taking u = 0

as the flow direction, are -0.5 for a perfect perpendicular

orientation and 1.0 for a perfect parallel orientation. The

orientation parameter for the (040) plane of a-crystal was

calculated according to Eqs. 1 and 2, and the values are

listed in Table 1. Obviously, except for the position at 0

and 100 lm, the orientation parameter for the WAIM part

is considerably larger than that of the CIM part. It is

generally accepted that the molecular orientation in the

skin zone is mainly attributed to the melt filling, and thus, it

is understandable that there should be no notable difference

in orientation in the region. However, due to the high

cooling rate brought by injected water for WAIM part, the

slightly large molecular orientation in the skin zone can be

formed. More interestingly, in the case of the WAIM part,

the orientation parameter is remarkably enhanced at 1500

and 1600 lm because of the shear stress and rapid cooling

Fig. 3 POM micrographs of skin–core crystalline structure of CIM part. The flow direction is vertical
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rate brought by injected water. Nevertheless, for the CIM

part, it tends to be 0 at the 800, 1600, and 5000 lm,

implying that molecular chains align randomly. This can

also be confirmed by the fact that prefect and large

spherulites are formed in these regions (see Fig. 3).

It is well known that injection molding process is

essentially a flow-induced non-isothermal crystallization

process for semi-crystalline polymers. Furthermore, the

shear rate, shear stress, and cooling rate are known as the

principal factors influencing the orientation of crystals

[10–20]. In addition, it is well established that the orien-

tation of polymer molecules is a result of the competition

between shear-induced orientation, chain stretching and

subsequent relaxation [12–20]. That is, a higher shear rate

and/or larger stress lead to a higher level of orientation for

molecular chains, while a higher cooling rate slows down

the relaxation or even freezes the orientation by the kick-in

of crystallization [14–16]. During melt filling, when the

iPP melt is injected into mold cavity, an immobile frozen

layer is instantaneously formed by cold mold wall, leading

Fig. 4 2D-WAXD patterns at

selected positions of (a) WAIM

part and (b) CIM part

Fig. 5 Traces showing the

variation in intensity of the

(040) reflection as a function of

the azimuthal angle: (a) WAIM

part and (b) CIM part
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to larger shear stress. The combination of the strong shear

stress and low melt temperature generates the oriented

structures in skin zone. Owing to the temperature gradient

and shear stress attenuation, a delay of crystallization is

expected in the zones away from skin, which gives the

different time windows for molecules to relax [16]. This

can explain the gradual decrease of orientation parameters

from skin to core for the CIM part (see Table 1). The

detailed description and the mechanism of this phenome-

non for CIM parts have been reported previously [14–17].

Therefore, to understand the oriented structures forma-

tion mechanism during the WAIM process, the flow

behaviors in the separate filling stages (i.e., melt filling

process and water penetration process) should be clarified.

As mentioned above, both CIM and WAIM processes share

a same stage: melt filling. While, the melt is compelled to

flow again, accompanying with water injection in the

WAIM process. At the end of water penetration, most of

the polymer melt in the core of the mold cavity is hollowed

out by the injected water and the residual wall (ca. 1.6 mm)

is formed. In addition, water penetration can bring about

shear flow in the water penetration front (see Supplemen-

tary material) and then induce the oriented structure. Fur-

thermore, due to the thinner residual wall of the WAIM

part and the high cooling capacity of the water, a pro-

nounced heat exchange occurs (see Supplementary mate-

rial). Obviously, the oriented structure induced by shear

stress could be cooled down rapidly and preserved

subsequently. For these reasons, it is evident that the

enhanced orientation parameter of the WAIM part should

be ascribed to water penetration and the subsequent

cooling.

As shown in Fig. 6, the intensity of the (110) reflections

are presented as a function of azimuthal angle. At 0 and

100 lm positions of both the parts, the (110) intensity

curve shows maxima in the equator (azimuthal angle,

u = 0�) and in the meridian (u = 90�). In contrast, the

(040) intensity curves (see Fig. 5) exhibit a maximum in

the meridian (u = 90�) and a minimum in the equator

(u = 0�). Similar azimuthal variations were also found by

Nogales et al. [21], which can be explained in terms of the

parent–daughter model (or the branched shish-kebab

structure) [22, 23]. As well known, the parent–daughter

model is a mixed bimodal orientation and corresponding

with the bimodal (110) reflections, i.e., parent lamellae (or

c-axis-oriented component) is preferentially oriented to the

flow direction, whereas the daughter lamellae (or a*-axis-

oriented component) is preferentially perpendicular to the

flow direction [22–27].

A relative comparison between parent lamellae and

daughter lamellae orientations can be made from calcula-

tion of the fraction of daughter lamellae ( A�½ �). A�½ � can be

evaluated from the azimuthal scan curve of the (110)

reflection according to Fujiyama’s method [23]:

A�½ � ¼ A�

C þ A�
ð3Þ

where A* is taken as the area around an azimuthal angle of

0� and C represents the area around 90�, after subtraction

of the baseline area (see Fig. 6a). The fraction of daughter

lamellae of the CIM part at 0 and 100 lm is 0.585 and

0.749, respectively, and 0.561 and 0.686 for the WAIM

one. It is clear that the fraction of daughter lamellae for

WAIM part had the low values near the skin zone, sug-

gesting that daughter lamellae are suppressed by the rapid

cooling rate brought by injected water. Furthermore, for

CIM part, the fraction of daughter lamellae increases with

increasing the distance from the skin surface because of the

Table 1 The orientation parameters for WAIM and CIM parts

Distance from the skin surface

(lm)

WAIM part CIM part

0 0.549 0.516

100 0.513 0.494

800 0.113 0.048

1500 0.333

1600 0.365 0.069

5000 0.013

Fig. 6 Traces showing the

variation in intensity of the

(110) reflections as a function of

the azimuthal angle: (a) WAIM

part and (b) CIM part
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temperature gradient from skin to core zone, which is in a

good agreement with that in the literatures [25–27].

Crystallization

To get more insights into crystallization, the peak-fit pro-

cedure was employed to deconvolute the peaks in the 1D-

WAXD profile. Figure 7 shows the 1D-WAXD curves

obtained from circularly integrated intensities of 2D-

WAXD patterns in Fig. 4. Herein, the X-ray curves were

resolved into crystalline and amorphous peaks. The overall

crystallinity (Xc) was calculated by

Xc ¼
P

AcrystP
Acryst þ

P
Aamorp

ð4Þ

where Acryst and Aamorp are the fitted areas of the crystalline

and amorphous phases. The estimated crystallinity data is

shown in Table 2. The crystallinity of the WAIM is con-

sistently lower than that of the CIM part at the same dis-

tance from the skin surface. Furthermore, the crystallinity

for the WAIM part first increases and then decreases with

the elevating distance from the skin surface, while that of

CIM part tends to increase monotonously. Higher cooling

rate appears in the skin zone of both the part as well as the

water channel zone of the WAIM part, resulting in a lower

degree of overall crystallinity.

Interestingly, from Fig. 7, it is noticed that in all the

positions of the CIM part there is a very tiny (300)

reflection for b-form. However, it is invisible in all the

positions for the WAIM part. This finding confirmed the

POM observation. According to the method proposed by

Turner-Jones [35], the relative amount of the b-form

crystal (Kb) was calculated and shown in Table 2. It is

widely accepted that shearing of iPP melt causes the for-

mation of a-row nuclei and a subsequent growth of the

b-phase on the formed a-row nuclei [36]. For the WAIM

part, the fast solidifying rate brought by injected water

leaves short time for the growth of the b-phase on the

formed a-row nuclei, leading to the absence of b-form

crystals. However, it is confused that a certain amount of

b-form crystals emerge in the core region of the CIM part.

As well established, the injection molded iPP contains a

larger amount of b-form crystals in the skin zone, while an

extremely smaller quantity of b-form crystals in the core

zone [28–34]. Seemingly, our study contradicts these pre-

vious studies. Further study on the underlying reason for

this is undergoing in our group.

The crystallite size of each plane can be calculated from

diffraction peaks of WAXD using the Scherrer equation

[37]:

L ¼ Kk
bhkl cos hhkl

ð5Þ

where Lhkl is the crystallite diameter (hkl), k is the wave

length of the X-ray, K is crystallite shape factor, hhkl is the

Bragg angle and bhkl is the width of the diffraction peak.

bhkl can be calculated by the equation: bhkl ¼ b2 � b2
0

� �1=2
,

where b is the samples half-peak width, and b0 is the

instrumental resolution.

Table 3 shows the distribution of the crystallite size L,

and the d-spacing of crystal planes along the thickness of

both the parts. In general, for WAIM part, the crystallite

size L through the thickness from skin surface to water

channel surface tends to elevate first and then decreases

with the increase of the distance till the water channel

surface. The crystallite size L for the CIM part continu-

ously increases, but the value is slightly larger than that of

Fig. 7 1D-WAXD curves of

(a) WAIM part and (b) CIM

part obtained from circularly

integrated intensities of 2D-

WAXD patterns in Fig. 4

Table 2 The crystallinity as well as Kb for WAIM and CIM parts

Distance from the skin

surface (lm)

Crystallinity (%) Kb (%)

WAIM

part

CIM

part

WAIM

part

CIM

part

0 49.5 52.6 0 0.8

100 50.9 55.4 0 2.2

800 59.3 59.4 0 0.4

1500 55.1 0

1600 54.3 60.0 0 0.9

5000 60.9 1.1
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the WAIM part in the corresponding position. It is noted

that the decrease in crystallinity is consistent with the

thinning of crystalline lamellae [38]. Moreover, d-spacing

of crystal planes decreases from the skin surface for the

both the parts. However, there is a difference in the values

of d-spacing for the WAIM and CIM parts, that is, the

former is slightly larger than the latter at the same distance

from the skin surface. The d-spacing of crystal planes of

iPP increases and the crystallite size L decreases in the skin

and water channel zone, indicating that the crystal particles

pack looser. This finding is in consistent with the Reference

[39]. They are mainly attributed to the rapid cooling rate in

the skin and water channel zone.

Conclusion

Morphologies of iPP parts molded by WAIM and CIM

were comparatively investigated by means of POM and

2D-WAXD. POM observations showed that the WAIM

part exhibits a ‘‘skin–core–water channel’’ structure, which

is different from the typical ‘‘skin–core’’ structure for the

CIM part. The 2D-WAXD pattern of WAIM part showed

arclike reflections in all positions indicating a pronounced

molecular orientation of iPP. However, pronounced ori-

entation is only found at 0 and 100 lm for the CIM part.

Furthermore, a parent–daughter model (or branched shish-

kebab structure) observed from (110) reflection appears at

0 and 100 lm for both the parts. In addition, from the 1D-

WAXD curves, it is noticed that there is a very tiny (300)

reflection for b-form in the CIM part, while it is invisible in

all the positions of the WAIM part. Meanwhile, water

penetration and rapid cooling rate brought by water plays

an important role in the decrease of the fraction of daughter

lamellae, crystallinity, and crystalline size L. The rapid

cooling rate and shear brought by the water penetration are

the two principal factors in the oriented structures forma-

tion. In summary, the results showed that the water pene-

tration has a dramatic effect on the morphological

development through the thickness of the WAIM part.
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