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Abstract: We describe the design and fabrication of an industrial injection moulding sys-
tem which can be mounted and used on the NCD-SWEET Small-angle X-Ray Scattering 
Beamline at ALBA. We show how highly useful time-resolved data can be obtained using 
this system. We are able to evaluate the fraction of material in the mould cavity and 
identify the first material to solidify and how this varies with the injection temperature. 
The design follows current industrial practice and provides opportunities to collect time-
resolved data at several points within the mould cavity so we can build up a 4D perspec-
tive of the morphology and its temporal development. The quantitative data obtained 
will prove invaluable for the optimisation of the next generation of injection moulding 
techniques. This preliminary work used results from the injection moulding of a general 
purpose isotactic polypropylene.  

Keywords: Injection moulding; Crystallisation; Flow; Small-angle X-ray Scattering; isotactic poly-
propylene 
 

1. Introduction 

Injection moulding is the most common technology employed to fabricate parts from 
polymers [1]. In this, a polymer in the softened or molten state is injected, at high 
pressure, into a shaped mould, usually manufactured in metal and held at room 
temperature or an intermediate temperature. As a consequence, the polymer cools and 
becomes solid either through a glass transition or a crystallization process. Semi-
crystalline polymers such as polyethylene and polypropylene are the most widely used, 
and the time profile of temperature and flow have a major impact on the properties of 
the final part [2]. The presence of flow, inherent in the injection moulding process, means 
that the final product does not show the typical spherulitic morphology of crystallisation 
from a quiescent melt [3]. In the case of crystallisation of a melt subject to flow [4], the 
longest chains of the polymer melt will become extended and this will serve as row nuclei 
for the unstressed chains in the polymer melt which leads to a high level of preferred 
orientation due to the common alignment of the extended chains. Of course the 
generation of a highly aligned morphology depends on whether the extended chains have 
relaxed back to an isotropic configuration and this will depend on the molecular weight 
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distribution of the polymer. In the standard tube model of rheology, the relaxation time 
for a chain constrained in a tube scales with the molecular length squared. All of these 
factors means that the morphology which develops during injection moulding involves an 
interplay of cooling rates, flow conditions and relaxation. For those reasons, the 
development of the morphology has a history, and some post-moulding experimental 
techniques, such as electron microscopy of differentially etched samples [5,6], in skilled 
hands can unravel the history.      

Traditionally, crystallization and flow are studied with laboratory equipment and 
the post-moulding analysis of samples prepared using injection moulding. In the last 30 
years, synchrotron-based small-angle (SAXS) and wide-angle X-ray scattering (WAXS) [7] 
have greatly enhanced our understanding of polymer crystallization using in-situ time 
resolving techniques and where appropriate, flow stages, such as shear cells [8,9,]. SAXS 
techniques have the capability to quantify the development of crystals and the level of 
preferred orientation [6]. Now, as outstanding as this work was, it had limited direct 
relevance to injection moulding due to the extreme cooling rates and the interwoven flow 
fields, present in the mould. We reviewed all of the possible time-resolving quantitative 
techniques and identified that synchrotron SAXS techniques provided the only practical 
technique which could be used. These provide quantitative data on the relevant structural 
scales, the energy of the x-rays means that relevant sample thicknesses could be used 
and they do not require optical transparency, the small diameter of the incident beam 
means that data is obtained relevant to a specific point, and mapping an area would be 
straightforward and the small volume of the incident and scattering beams resulted in a 
simple design strategy. When we reviewed the literature, we found few relevant 
publications, some had employed WAXS techniques [10,11] which have different 
requirements to SAXS with the moulding of liquid crystal polymers. The most relevant 
work was on micro-injection moulding and on injection moulding with metal moulds and 
x-ray transparent diamond windows [12,13]. Diamond windows are widely used in high 
pressure cells for x-ray scattering [14], but of course they give access to only a small part 
of the mould cavity. We identified these publications as very interesting work but which 
was focused on developing a scientific understanding, rather than reflecting industrial 
practise.  

  
This work is focused on addressing this matter to design, manufacture and test an 
injection moulding system, which is designed to be relevant to current and as far as 
possible future industrial practice. 

2. Materials and Methods 

The design of an injection moulding system to mount on the selected beamline [15] must 
meet the geometric and weight limitations of the beamline and its components. After 
consideration of the various options, we selected an Industrial Autonomous Injection Unit, 
UAI6/1OP from the Rambaldi Group which consolidates most of the control and power 
components and the remote control in a floor mounted unit. The mould and clamping 
systems were designed by ourselves. The mould cavity is manufactured from standard 
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mould components, mould plates and mould inserts and uses industrial-scale 
recirculating heating and cooling units units to maintain a constant temperature.  

The beamline mounted injection moulding system is shown in Figure 1 mounted on the 
NCD-SWEET SAXS Beamline at the ALBA Synchrotron Light Source, which is equipped with 
a DECTRIS Pilatus3S 1 M detector system mounted 6.7m from the sample and an incident 
wavelength of 1Ǻ. The Pilatus Detector system is built up of an array of silicon sensors 
equipped CMOS electronics. As a consequence, a small portion of the detector is not 
active (~7%) which appear as black stripes in the recorded intensity images. The charge 
induced by the X-ray photons is detected and processed by the pixel readout system. This 
detector has an effective pixel size of 172 x 172 micrometres and a dynamic range of 20 
bits.  SAXS patterns were recorded over a q-range from 0.002 Ᾰ-1 to 0.125 Ᾰ-1 where |Q| 
= 4π Sinθ/λ, 2θ is the scattering angle and λ is the incident wavelength. Although we 
employ a fixed geometry with a flat detector, the small scattering angle  means that the 
scattering vector lies in the plane of the mould cavity and so  the complete azimuthual 
range of data, α = 0 to 360° is available, where α is the angle between the scattering 
vector Q and the flow axis in the mould cavity. To prevent saturation of the detector by 
the zero angle X-ray beam, a beam stop is placed in front of the detector to absorb the 
transmitted beam. The detector orientation and sample to detector distance were 
calibrated using the well-known standard silver behenate [16].  
This work was focused on the moulding of isotactic polypropylene, specifically a 
LydoellBasell Polypropylene MOPLEN HP500N which is a general purpose polypropylene 
suitable for food contact applications. It exhibits a melt flow index (MFI) of 12 g/10 min 
at 230°C. The injection moulding system has a minimum charge of pellets for a successful 
operation of ~12 g, which makes the system particularly suited for research and 
development of new materialsThe CT scans of the mould inserts were obtained using a 
Nikon XT H 225 ST 2X Industrial Scanner.  
The x-ray beam paths, both the incident beam and the scattered signal, are a critical part 
of the injection moulding system.. There are competing factors of X-Ray transparency, 
and thermal conductivity together with mechanical strength to withstand the pressure in 
the mould which is may reach 1600 Bar.   
There have been relatively few systems reported in the literature and one approach has 
chosen to reconcile these competing requirements by opting for a metallic mould with x-
ray transparent windows in the form of diamonds [12,13]. This is a well-established 
approach widely exploited in the design of x-ray cells for high-pressure studies [14]. We 
note one of the key differences between a high-pressure stage and an injection moulding 
cavity is the scale of the active volume and the need to probe the behaviour of the 
polymer throughout the cavity. 

 
We have opted to follow an alternative approach which maintains the current mould 
design practice while introducing a high level of x-ray transparency. This is a development 
of the approach employed by Rendon et al [11]. Figure 2 shows the CT scan of the mould 
insert used to define the cavity.  
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Figure 1 An X-ray CT of one of the mould inserts used in this work. The insert shows an enlarged image 

showing the thin "window" are at the base of each blind hole 

 
These inserts are made of a standard insert material, an aluminium/silicon alloy AW6082. 
Six blind holes were introduced into the two mould inserts. Initially the hole had a 
diameter of 5 mm and close to the other face the hole was narrowed to 1.5 mm to 
minimize the area of the “window” and the hole was stopped ~0.1mm from the other 
surface. The CT image confirmed the expected results and the thickness of the 12 
“windows” were measured as 0.0832 mm with a standard deviation of 0.0015 mm. This 
gives an attenuation for the two inserts of < |30|% for 12.4keV photons. Changes to the 
cavity geometry or the thermal characteristics can be quickly introduced by replacing the 
inserts. They are located in a precision engineered slot and retained using screws. . The 
hardening of the aluminium alloy from which the inserts were made was studied by 
Rowolt et al. [17]. The temperature cycle which the inserts experience during the injection 
moulding experiments will not affect the level of precipitation in the alloy which could 
alter this “background scattering”.  
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Figure 2 The injection moulding system developed in this work mounted on the NCD-SWEET Beamline. The 

incident beam enters from the right and the small-angle x-ray scattering detector is mounted 6.7m to the left 

and is connected via a vacuum tube which has a conical front piece which is located very close to the exit side 

of the mould. The dark blue box which can be observed just above the vacuum tube is the wide-angle x-ray 

scattering detector which was not used in this experiment. 

 

3. Results 
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The injection moulding system was successfully mounted on the NCD-SWEET 
Beamline (Figure 2). The system was aligned with respect to the incident x-ray 
beam using the xyz translation stage in conjunction with a diode which measured 
the incident x-ray intensity in front of the beam stop. The injection moulding 
system was also mounted on a rotational stage and this proved invaluable fo 
aligning the relatively long and narrow pathway through the mould. After 
alignment we then measured the scattering from the empty cavity. This was as 
expected. It exhibited a well-defined isotropic pattern centered around the beam 
stop (Figure 3a) typical for an aluminium/silicon alloy which forms the window 
material. Figure 3b shows the azimuthually averaged data. This scattering can be 
easily subtracted from the experimental patterns when the mould contains the 
polymer. It is clear that the alignment of the system was very good and there no 
signs of any specular reflection from the incident beam hitting the side of the blind 
holes in the mould inserts. The alignment of the systems was stable when the 
mould was opened and closed and also when polymer was injected under 
pressure in to the mould. 

 
Figure 3 (a) the SAXS pattern for the empty mould cavity. The SAXS detector over the range in Q from 0.002 

to 1.25 nm-1 (b) The azimuthually averaged data shown in Figure 3a. plot on a log-log scale 

 
All of the equipment worked according to plan including the remote control of the 
injection moulding system and the ejection of the part. We were able to observe 
remotely in real-time the temperature and pressure in the mould. A part could be 
produced on a cyclic basis using the remote control. Each of the 6 windows allows 
the development of the morphology to be evaluated at different points in the 
mould cavity.  
 
 
 

Table 1 Operational modes of Multi-window Mould 
 

Mode Number of data points per 
sampling point 

Time between 
pts at a sampling 
point (s) 

Data 
Accumuation 
Time (s) 
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A 300 1 1 
B 25 18 1 
C Variable  Variable 1 

 
 
We are able to identify three types of experiments (Table 1). The first type, Mode 
A involves positioning the beam at one of the windows, for example window 1 and 
recording a time-resolving sequence of small-angle x-ray scattering patterns from 
before the start of the injection process to the completion of the moulding cycle. 
The second type of experiment, also uses Mode A,to use a similar sequence for a 
succession of equivalent moulding cycles, but with the incident x-ray beam 
positioned in turn at each of the windows. In such an arrangement we rely on the 
reproducibility of the injection moulding cycle so that we sample different points 
in the cavity in different moulding cycles. Alternatively we could relatively move 
the incident beam during one cycle to different windows, but the movement time 
would reduce the amount of scattering data recorded for each cycle. One version 
of this is Mode B, but we could tailor the sampling points and sequences optimised 
to yield specific data (Mode C). During each data accumulation, we can measure 
the transmission of the cavity using a diode placed in the beam-stop and this 
enables the fraction of material, whether molten or solid in the mould cavity to 
be evaluated. In the experiments reported here we focus on time series of 
patterns recorded for a particular window, multiple window experiments will be 
reported in a later publication after the required experiments. We note here that 
the position of the sampling ports can be adjusted for a particular mould cavity or 
processing parameters by preparing a set of mould inserts with different port 
positions guided, for example by computer simulations.  
 
In Figure 4, we show SAXS patterns obtained using Mode A with sampling position 
1, that is the position closest to the injection point. Figure 4a shows the sequence 
of SAXS patterns recorded 10s after injection of the polypropylene at 250°C. The 
mould temperature was held constant throughout these experiments at 50°C. The 
first pattern in Figure 4a is that of an empty cavity. As we move to the right in this 
sequence, we observe the emergence of a circular ring of scattering. The pattern 
is typical for a semi-crystalline polymer in which crystallisation has been nucleated 
in a quiescent melt and the chain folded lamellar crystals in random orientations. 
The intense peak can be used to evaluate the long period and the azimuthal vari-
ation in intensity, the level of preferred orientation of the lamellar crystals, in this 
case zero. We use the azimuthal variation of intensity as a function of α and a fixed 
value of |Q| corresponding to the peak maximum. 
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Figure 4. SAXS patterns obtained at approximately 1s intervals at the first viewing port for injections at (a) 

250°C, (b) 210°C, (c) 205°C, (d) 190°C. The flow in the mould cavity is horizontal as indicated by the horizontal 

arrow. Time increases from left to right. The intensity mapping is constant within each sequence. The 

horizontal and vertical dark lines correspond to insensitive areas in the detector as it is made up of rectangular 

elements. The dark spot in the centre of the pattern corresponds to the area of the detector blocked by the 

beam stop and the angled black line corresponds to the mount for the beam stop. The SAXS detector cover 

the q-range from 0.002 Ᾰ-1 to 0.125 Ᾰ-1. The data shown here is the raw experimental data, no background 

has been subtracted so that the quality of the data may be easily judged. 

 
The sequence of patterns shown in 4d is very different to those in Figure 4a, and 
show the development of a highly anisotropic pattern in which the intensity is 
greatest in the direction parallel to the long axis of the mould cavity and to the 
direction of flow within that cavity. These patterns were recorded for an extrusion 
temperature of 190°C and a constant mould temperature of 50°C. The pattern is 
typical for a semi-crystalline polymer in which crystallisation has been nucleated 
in the melt by row nuclei and the chain folded lamellar crystals have grown out 
normal to the row nuclei and therefore to the flow axis [18]. The very high level of 
orientation is a consequence of the alignment of the extended chains which form 
the row nuclei, which will have a common axis of alignment throughout the sam-
ple in this central zone of the mould cavity. As we progress in time, we see the 
development of greater fraction of crystals all of which have the same very high 
level of preferred orientation. We need to remember that the material will crys-
tallise even under quiescent conditions, albeit at a slightly low temperature. In this 
case, all of the crystals have been templated by the row nuclei and that the density 
of row nuclei is sufficiently high that chain folded lamellar crystals growing out 
from the row nuclei impinge and fill space before the directing influence of the 
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row nuclei is lost. The work of Bassett [19], shows elegantly that the directing in-
fluence can extend over 1µm in the case of polypropylene. Wangsoub et al. [20] 
have developed a simple model to predict the overall level of preferred orienta-
tion of the polymer for an equivalent system in which the row nuclei are formed 
from self-organisation of a low molecular weight additive based on templated 
zone and isotropic regions of crystallisation. 
 
We note that the sequences of SAXS patterns shown in Figure 4 are not the most 
useful display of the data, and what would be more helpful if we could present 
the SAXS patterns which correspond to the crystallisation in each 1s frame, in 
other words we need to unravel the accumulated data shown and separate into 
the scattering for the first 1s and the second 1s, etc. We are developing a meth-
odology to achieve this which exploits the particular characteristics of a series of 
spherical harmonics to represent the data in way which separates the orienta-
tional aspects from the Q dependence features using an approach already estab-
lished for multiple component systems [20].  
 
The 2d SAXS pattern I(Q,α) is a convolution of the scattering for a perfectly aligned 
sample I0(Q,α) and the orientation distribution of the lamellar crystal orientation 
D(α) [11]. The Legendre Addition Theorem allows us to write this convolution as 
the product of the amplitudes of a series of spherical harmonics for each of these 
three functions [20,21]. 
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+
=  (Equation 1) 

 
Where I2n(|Q|), I02n(|Q|) and D2n are the spherical harmonic series representing 
the experimental scattering I(Q,α), the scattering for a perfectly aligned system, 
and the orientation distribution of the normal to the chain folded lamellar crystals. 
Only the even order coefficients are required as a consequence of the presence of 
an inversion centre in the scattering pattern for a weakly absorbing sample [21]. 
The coefficients for the scattering of a perfectly aligned system have been derived 
by Lovell and Mitchell [21]. We can write the global orientation parameters <P2n> 
as [20]: 

 

< 𝑃𝑃2𝑛𝑛 >𝑄𝑄= 1
(4𝑛𝑛+1)𝑃𝑃2

 𝑚𝑚 ∫
𝐼𝐼��𝑄𝑄�,𝛼𝛼�sin  𝛼𝛼𝑃𝑃2 (cos𝛼𝛼) 𝑑𝑑𝑑𝑑

𝐼𝐼(�𝑄𝑄�,𝛼𝛼) sin𝛼𝛼 𝑑𝑑𝑑𝑑

𝜋𝜋 2⁄
0   (Equation 2) 

 
The orientation parameter <P2> is the first component of an even series which describes 
the orientation distribution function of the normal to the lamellar crystals, Representing 
the data as a series. If <P2> = 0 the distribution is isotropic, if <P2> = 1 the crystals are 
arranged with the same perfect preferred orientation [11]. 
 The objective of this work is to be able plot the level of preferred orientation of the 
crystals which have formed in each 1s time period after injection has commenced. This 
will allow us to separate out the two processes taking place in the sequences shown in 
Figure 4. One is the increasing fraction of crystals formed and the other is the changing 
level of preferred orientation of those crystals. This will allow us to extract the most in-
formation from the availability of the in-situ time-resolved SAXS data which will help un-
ravel some of the complexity of morphology formation in injection moulding. 
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Conclusions 
This project has focused on designing, fabricating and validating an injection moulding 
system for plastics which will fit on and operate with the ALBA NCD-SWEET Beamline but 
which conforms to current industrial mould design practice. The use of mould inserts with 
localized thin windows leads to an attenuation of the primary x-ray beam, with 12.4keV 
photons of less than 30%, We show that we are able to use this system to mould samples 
of isotactic polypropylene at a range of injection temperatures which gives rise to a 
reducing level of preferred orientation of the chain folded lamellar crystals with 
increasing injection temperature.  
By performing these experiments in-situ we are able to separate out the different stages 
of crystallization in the mould and their variation with injection temperature.  The 
design of the mould cavity and the sampling points will allow the morphology to be 
measured along the fill path of the mould in future work and we will be able to create a 
3D model of the development of morphology under industrially relevant conditions with 
industrially relevant polymers.  
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