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ABSTRACT: Ultrasonic diagnosing technique with a
new high-temperature ultrasonic transducer is developed
to real-time diagnose polymer processing and its morphol-
ogy changes in injection molding processing. Compared
with the previous researches, the new technique can pro-
vide more and accurate information. In this study, ultra-
sound diagnosis shows that longitudinal wave can real-
time characterize the data of the injection process and
polymer morphology changes, including melt flow arrival
time, the part ejection time, filling and packing stages,
polymer solidification process, and the morphology
changes during polymer crystallization. Shear waves can
real-time diagnose Young’s and shear storage modulus,
anisotropy property of polymer in injection molding. Dur-

ing our research, real-time ultrasonic diagnosis shows that
the storage modulus along the vertical direction is larger
than that of the parallel to the melt flow direction under
our setup injection conditions. Scanning electron micros-
copy and dynamic mechanical analysis measurements
present that it is because the crystalline lamellas of HDPE
are parallel arrangement and grow in a vertical to melt
flow direction owing to injection shear force under a cer-
tain injection conditions. VC 2012 Wiley Periodicals, Inc. J Appl
Polym Sci 000: 000–000, 2012
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INTRODUCTION

Injection molding (IM) is one of the most versatile
and important processing methods and it is capable
of mass-producing complicated plastic parts with
excellent dimensional tolerance. More than 33% of
all polymeric material processing use this tech-
nique.1 As we know, polymer material properties,
including their rheological behavior, mechanical and
transport properties, will undergo complicated ther-
momechanical histories and experience significant
changes owing to large pressure variations and
rapid cooling during IM. However, injection
machine is like a sealed box during the whole pro-
cess and polymers are manufactured inside it before
molded parts are ejected. The morphology and
structure of final polymer parts are controlled by
machine variables and process variables which are
setup in advance.2–4 In fact, the inherent and non-
uniform material properties are further affected by
mold cooling, packing, constraints of mold geome-
try, and the possible presence of reinforcing fibers.

As a result, the morphology and structure of the
final injection-molded product are inherently not
easy to be predicted or controlled as we expect.
Nowadays, as plastics applications are growing and
developing, how to meet the part quality of cus-
tomer demands is crucial to the survival and success
of enterprises.5 Hence, IM process has been an active
research area for many years, as part quality and
yield requirements become more stringent.6–9

The pressure and temperature sensors, which are
exerted into the mold walls, are currently well known
to be used in commercial molding systems for control-
ling between injection phases and packing phase and
for Statistical Process Control.10,11 Obviously, the
drawbacks of these sensors are primarily the invasive
nature in measurement, for these techniques require
holes to cut into the mold. Several research groups
have responded this problem by investigating ultra-
sonic techniques, owing to its noninvasive, simplicity,
rapid speed, portability, safety, and capability to
probe the interior of an opaque material. Piche et al.
at the National Research Council in Canada have per-
formed a lot of interesting and meaningful works
using ultrasonic sensors in extrusion, IM, and also as
a postmanufacture crystallinity sensor.12–15 Brown and
Coats have used ultrasonic techniques to monitor
polymer conditions during extrusion and IM as
well.14,16 Edwards and Thomas have demonstrated a
number of techniques to detect molding flaws and
monitor molding conditions during IM.17
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He et al. have tried to investigate molecular orienta-
tion during IM considering different types of polymer,
mold geometry, and processing conditions using a
normal incidence shear wave ultrasonic sensor.17,18

They found that the shear wave could travel in differ-
ent velocities with respect to the particle displacement
in different directions. They inferred that the velocity
with particle displacement parallel to orientation
direction was higher than that of vertical to orienta-
tion direction for oriented polymer parts, and the dif-
ference in velocity indicated that polymer had differ-
ent degrees of orientation in its morphology.
However, because of high temperature, high pressure,
and the very short solidification time in IM, there still
remains a challenge task for the detection of technique
during IM. Hence, a high-temperature ultrasonic
transducer (HTUT), which has large frequency band-
width, strong signal, and high signal-to-noise, is
demanded to investigate polymer processing in IM.
However, real-time diagnosis in IM, especially for
ultrasound technique, needs to be studied further to
get more information during processing and realizes
its applications in industrial on a large scale.

In this study, new HTUT probes,19–21 which could
provide simultaneous measurements of one longitudi-
nal wave (L), one vertically polarized shear wave (S?),
and one horizontally polarized shear wave (S||), were
developed in IM. Besides injection and packing process
could be diagnosed, additional information, such as
shear and Young’s storage modulus and anisotropy of
the parts could be obtained real time using the new
HTUT probes. Scanning electron microscopy (SEM)
and dynamic mechanical analysis (DMA) measure-
ments were carried out to prove the results diagnosed
by ultrasonic probes about polymer storage modulus.

EXPERIMENTAL

Materials

High-density polyethylene (HDPE, DMDA-8907)
with a melt flow index of 6.75 g/10 min was kindly
provided from Dow Chemical (Canada).

Experimental techniques

Ultrasonic probes for polymer IM

Recently, integrated ultrasonic transducers (IUTs)
have been made using the sol–gel-based fabrication
process. Such IUTs have been operated with a center
frequency ranging from 4 to 30 MHz. Their ultra-
sonic signal strength and bandwidth are comparable
to those of the commercially available broadband ul-
trasonic transducers; however, IUTs which are made
in our group can be used at high temperatures
(HTUTs) as well.22 In this study, new HTUTs
designed using mode conversion theory will be
developed and may provide simultaneous measure-
ments of L, S?, and S|| waves. The design principle
and fabrication process of the ultrasonic probe head
have been reported in our previous articles.20,23 Fig-
ure 1(a) shows the newly developed HTUT of L–S
probe for real-time noninvasive monitoring polymer
changes in IM process at high temperatures. The si-
multaneous signals of L2 and S2 which are the first
round-trip echoes reflected from the bottom of the
probe shown in Figure 1(a) are presented in Figure
1(b). The center frequency of the probe’s L2 is about
5 MHz, which is shown in Figure 1(c). The devel-
oped L–S?–S|| probe is shown in Figure 2(a), with a
probe head designed to generate and receive L, S?,
and S|| waves simultaneously. Figures 2(b,c) show
the ultrasonic signals of L2, S?

2, and S||
2 waves

which are the first round-trip echoes reflected from
the bottom of the probe at room temperature.

Experiment equipments consisted
of HTUTS and IM

In Figure 3(a), four sensor inserts (two L probes
named UT1 and UT4, two L–S?–S|| probes named
UT2 andUT3) are fitted into a mold insert with elec-
trical connections, which also demonstrates that sen-
sor array configuration is feasible. The mold, mold
insert, and sensor inserts are made of steel. A hole
at the center of the mold insert is for a part ejection
pin. By replacing the mold insert, the shape and

Figure 1 (a) L–S probe, (b) ultrasonic L and S wave signal in time domain of the (a) reflected from the bottom of the
probe at room temperature, (c) frequency spectrum of the L2 echo. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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dimensions of the molded part can be easily modi-
fied to meet the customer’s demands. Image of a
molded sample part in IM is shown in Figure 3(b),
and a rectangular part with dimensions of 76-mm
width, 165-mm length, and 1-mm thickness can be
molded for the study. The mold insert is then inte-
grated into the mobile mold of a 150 ton Engel IM
machine without affecting polymer process in poly-
mer processing as shown in Figure 3(c). Figure 4
shows a cross-sectional view of the mold (mobile
and immobile), mold inserts, and molded parts
(polymer) with four HTUT sensor inserts (UT1-4).

Polymer melt is then injected into the cavity of the
mold through the gate at the center of the immobile
mold. For comparison purpose with ultrasonic data,
a Kistler temperature and cavity pressure sensor,
whose sensing end has circular shape with a dia-
meter of 4 mm, are attached to the immobile mold.
This Kistler sensor probing end is facing to the UT1
as shown in Figure 4. Ln (n ¼ 1, 2, 3. . .) represents n-
th round-trip echoes propagating in the HTUT insert
and reflected at the insert–polymer interface and L2n
(n ¼ 1, 2, 3. . .) represents those in the polymer and
reflected at the polymer–immobile mold interface.

Figure 2 (a) L–S?–S|| probe, (b) ultrasonic signal in time domain of the L2 and S?
2, (c) and S||

2 wave of the probe shown
in (a) reflected from the bottom of the probe at room temperature. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 3 (a) HTUT sensor inserts with an electrical connection embedded in the mold insert used for monitoring injec-
tion molding process, (b) image of a molded sample part in IM, (c) mold insert integrated into an IM machine. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Sample preparation

Using the experiment equipments consisting with
HTUTS and injection machine, different samples are
prepared under the injection conditions as listed in
Table I.

Measurements and characterization

Microscopic Examination

To verify ultrasonic diagnosing results, the samples are
needed to be quenched in liquid nitrogen and cryogeni-
cally ruptured to get rid of the skin layer of injection
samples and then eroded the amorphous phrase using
the erodent solvent. The solvent used for surface ero-
sion was the mixed solution of potassium permanga-
nate and concentrated sulfuric acid. The morphology
of HDPE was investigated by a JSM-6700F scanning
electron microscopy (SEM, JEOL, Japan), which was
sputter coated with Au before SEM observations.

Dynamic mechanical analysis

The storage modulus of HDPE samples was tested
by DMA (TA instrument, Q-800) using film tensile

mode from �20 to 70�C. In measurement, the stor-
age modulus of vertical and parallel to the flow
directions was selected on the purpose to see their
distinctions, which was also to prove the results of
real-time ultrasonic diagnosis.

RESULTS AND DISCUSSIONS

Ultrasonic measurements

Figure 5 shows the typical results of acquired signals
with the integrated mold insert probe (HTUT)
shown in Figure 2(a) during the IM process of a
HDPE part at 220�C with a injection speed of 60
mm/s. L2 is the echo signal reflected at the insert/
polymer or air interfaces depending on whether the
polymer melt exists at the probe location or not.
This L2 echo signal can be obtained regardless of the
thickness of the melt. As shown in Figure 5, once
polymer is injected into mold cavity through injec-
tion nozzle, ultrasonic signals will penetrate into the
polymer and the ultrasonic amplitude will change.
The amplitude of L2 dropping between points A and
B is because part of the ultrasound energy propa-
gates to polymer melt after point A, and no ultra-
sound energy can propagate to polymer after the
molded part is ejected at point B. Hence, the time at
points of A and B can represent the moment of the
melt flow front arrival and the part ejection at the
probe location, respectively, which also presents the
injection process. When the HDPE melt arrives at
the probe location at A, the L2 echo signal having
propagated a round trip through the thickness of the
HDPE melt within the mold cavity of 1 mm thick-
ness starts to appear because the probe operates in a
pulse/echo mode. At the beginning in injection pro-
cess, when the melt contacts the cold mold internal
surface, its temperature goes down quickly and then
the melt starts to solidify. As HDPE is a semi-

Figure 4 Cross-sectional view of the mold (mobile and
immobile), mold insert, and molded part (polymer) with
four HTUT sensor inserts (UT1-4). Ln and L2n (n ¼
1,2,3,. . .) represent n-th round trip echoes propagating in
the HTUT insert and those in the polymer, respectively.

TABLE I
Typical Molding Conditions for IMa

Samples

Injection
conditions
(mm/s)

Thickness
(mm)

HDPE 8907 (210�C) 60 0.8742
HDPE 8907 (220�C) 60 0.864
HDPE 8907 (220�C) 90 0.8672

a Note: Holding pressure, 60 MPa; cycle time, 30 s; mold
temperature, 20�C.

Figure 5 Amplitude variation of L2 and L2 measured
during injection cycles for HDPE with injection speed of
60 mm/s at 220�C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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crystalline polymer, the attenuation will reach a
peak which causes a dip in the profile of L2.

14 This
dip is indicated at point of M as shown in Figure 5.
During the beginning of the IM, the cavity pressure
also changes because of the plunger movement,
which has been reported earlier24 and shown in Fig-
ure 6. As mentioned above, with process time going,
the amplitude of L2 becomes decreased not only
because part of the ultrasound energy propagates
into polymer, but also because some of ultrasound
energy attenuates owing to the scattering of solid
and crystal of HDPE during polymer solidification
after it is injected into mold. Hence, it is the filling
stage in IM from A (A0) to M, and it is cooling pack-
ing stage from M to B. After point B, both L2 and L2
move to the original values, which mean that one
period of the injection process is over. As shown in
Figures 5 and 6, we can see that the changes of ul-
trasonic amplitude during IM can be used to charac-
terize the period of injection filling, packing, solidifi-

cation, and the morphological changes of polymer
materials. Although pressure and temperature can
be used to describe the process of IM, they are less
sensitive to the injection process and morphological
changes compared with ultrasonic parameters.18

The measured time of flights (TOFs) in polymer
melt of the L and S waves are shown in Figure 7 af-
ter the cavity pressure becomes steady near the tim-
ing TP which is shown in Figure 7. The TOFs of
both L and S waves decrease owing to the solidifica-
tion of the melt in the mold cavity in which the L
and S wave velocities increase. As the attenuation of
S wave is higher in the melt, its TOF can be
observed only when the melt solidifies into a viscous
condition in which S wave probe has enough sensi-
tivity to detect the round trip echo within the melt
as indicated as TS in Figure 7. Assuming the density
of the HDPE during the period between TS and TB

to be 0.94 g/cm3, the online measured Young’s and
shear modulus are shown in Figure 8. Hence, ultra-
sonic diagnosing can be used to real-time assume
polymer modulus.
Ultrasonic parameters in detecting HDPE proc-

esses will change under different injection conditions
as summarized in Table II. As summarized in Table
II we can see that longitude velocity increases under
higher temperature and higher injection speed,
which is owing to different morphologies in HDPE
under different injection conditions. The parameter
changes of shear waves will be discussed in next
part.

Real-time measurements of polymer properties
and morphology using ultrasonic technology

The speed of shear wave velocity depends on the
stiffness of matrix. As far as an oriented sample
with different moduli is concerned, the shear

Figure 6 Temperature (solid line) and pressure (dotted
line) variation measured with Kistler sensor during IM
process. Arrows A and B indicate the time for flow front
arrival at UT1 location, mold opening, respectively.24

Figure 7 TOF of the measured L and S? (Arrow B indi-
cates the time for mold opening at probe location). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 8 Mechanical modulus of HDPE of the measured
L and S waves in real-time injection molding process.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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stiffness is different. Taking an IM sample as an
example, which is shown in Figure 9, because of dis-
tinct storage moduli between parallel and vertical to
melt flow in IM, there is speed difference when
shear wave travels in two ways which can be used
to characterize anisotropic distinctions. Generally,
the higher the storage modulus, the greater the dif-
ference in the shear stiffness is. Consequently, the
velocity difference between the speeds of parallel
(VH) and vertical to the melt flow direction (VV) is
much higher. Therefore, the velocity difference
(VH�VV) can be utilized to characterize the degree
of polymer property difference. As the correspond-
ing time delay is more convenient than velocity to
illuminate the storage modulus, the difference in
time delay Dt ¼ (tV�tH) can be substituted for DV ¼
(VH�VV) to characterize the degree of anisotropy. In
this article, higher temperature and injection speed
are set up in IM to obtain high property difference
of crystalline HDPE. When the ultrasound propa-
gates in anisotropic media (uniaxial orientation),
shear wave has two characteristic velocities, depend-
ing on the direction of the particle displacement vec-
tor. According to the property that ultrasound trav-
els in different velocities in anisotropic media, the
propagation velocities of our ultrasonic probe which
can emit two vertical shear waves simultaneously in
this technique are used to detect anisotropic behav-
iors of the mechanical properties during process.
When the particle displacement is in the x direction
or z direction, respectively as shown in Figure 9, the
phase velocity will be:

VH ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Gxz=q

p

VV ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Gzy=q

q

where Gxz and Gzy represent the shear stiffness
measured in the x,z and z,y planes, respectively. q is
the polymer density. The wave equation as above
produces two means: a slow velocity for waves with
particle displacement vectors pointing in the
‘‘weaker’’ mechanical direction and a fast velocity
when the particle velocity vector is in the ‘‘strong’’
direction. Hence, larger difference in echo time cor-
responds to higher storage modulus.
The time differences between tV and tH and dur-

ing solidification in IM are listed in Table III under
different injection conditions by real-time ultrasonic
diagnosis. As mentioned above, tV and tV demon-
strate the time delay of parallel and vertical to the
melt flow direction in HDPE, respectively. As sum-
marized in Table III we can see that tH is larger than
tV, that is to say, the time delay in parallel to the
melt flow direction of shear wave is longer than that
of vertical direction. The time difference Dt is
obtained from the property distinctness of HDPE
products. Under the same injection speed, the data
in Table III also tell us that the time difference Dt is
0.553 ls in 220�C, which is less than that of 0.656 ls
in 210�C. In other words, the particle displacement
vector under low temperature is stronger than that
in higher temperature, because high temperature
helps to disorientate polymer chains. Under the
same injection temperature of 220�C, the time differ-
ence Dt is 0.553 ls in 60 mm/s injection speed,
which is less than that of 0.736 ls in 90 mm/s.
Hence, the ultrasonic propagation velocities have
greater distinctions between parallel and vertical to
melt flow under higher injection speed in IM.
To verify the results of dynamic parameters of

HDPE in different injection conditions, offline shear
ultrasonic wave is applied on the same samples and
same characteristic directions as real-time diagnosis,
and the measured results are summarized as in Ta-
ble IV. As it is summarized in Table IV, Dt at differ-
ent conditions has the same change tendency as
dynamic diagnosis. But the values become smaller
than in dynamic measurements because of solidifica-
tion and relaxation after pressure is released.
The results of dynamic and static ultrasonic diag-

nosis present that the storage modulus along vertical
to the melt flow direction is larger than that along
parallel direction. For the sake of validating the

TABLE II
Ultrasonic Parameters of HDPE in Different

Injection Conditions

Injection conditions
Thickness
(mm)

Longitude
time delay

(ls) (in mold)

Longitude
velocity (m/s)

(in mold)

210�C (60 mm/s) 0.8742 0.708 2469
220�C (60 mm/s) 0.836 0.676 2473
220�C (90 mm/s) 0.8672 0.700 2477

Figure 9 Schematic diagram of incident shear wave
propagation in anisotropic media.

TABLE III
Real-Time Shear Wave Parameters of HDPE in Different

Injection Conditions

Injection conditions
Thickness
(mm)

tH
(ls)

tV
(ls)

Dt
(ls)

210�C (60 mm/s) 0.8742 2.736 2.08 0.656
220�C (60 mm/s) 0.836 2.425 1.872 0.553
220�C (90 mm/s) 0.8672 2.744 2.008 0.736
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results mentioned above, the tested samples are
intercepted and the dynamic mechanical analysis is
applied to test the modulus along vertical and paral-
lel to the melt flow directions. As it is shown in Fig-
ure 10, the storage modulus along the vertical is
larger than that of the parallel to the melt flow direc-
tion, which is consistent to the results of ultrasonic
diagnosis. But the reason should be studied further.

SEM measurement is also performed to under-
stand the relationship between morphology and
properties of storage modulus and ultrasonic propa-
gation. It should be pointed out here that the skin of
the sample is cut away using ultrathin section
method before etching the amorphous phase of sub-
surface and the crystalline phase is remained. Figure
11 shows the SEM images of the sample which is
prepared under the injection speed of 60 mm/s in
220�C. Figure 11(a shows the image which is magni-
fied by 1000 times and Figure 11(b) is magnified by
2000 times. As shown in Figure 11(a), the trace of
melt flow direction can be seen clearly. When the
circled part in Figure 11(a) is enlarged, it is distinct
that the crystalline lamellas of HDPE are parallel
arrangement and grows in a vertical to melt flow
direction because injection shear force induces crys-
tallization under a certain injection pressure.25 As
ultrasound propagates faster along crystalline lamel-
lar direction than in melt flow one in polymer, ultra-
sound can travel faster in vertical direction than that
of parallel one in injection mold under our set condi-

tion as the results of SEM and DMA presented.
Therefore, ultrasound can real-time diagnose poly-
mer storage modulus and morphology indirectly.

CONCLUSIONS

A new real-time ultrasonic diagnosing technique
with an L–S?–S|| probe has been integrated onto a
mode insert of 150-ton Engel IM machine and real-
time noninvasive ultrasonic monitoring combing
with IM process has been carried out as well. Real-
time diagnosis not only provides the results of the
polymer melt flow process, filling and packing stage,
solidification process, but also gives us the informa-
tion about polymer morphology changes and me-
chanical properties. In this research, we also find an
interesting phenomenon that the storage modulus
along the vertical is larger than that of the parallel to
the melt flow direction under our setup injection
conditions because of the crystalline lamella orienta-
tions. The investigations in this study help us to
study the relationship between the ultrasonic signals
and the polymer morphology changes during injec-
tion. However, there is still a lot of work should be

TABLE IV
Offline Shear Wave Parameters of HDPE in Different

Injection Conditions

Injection conditions
Thickness
(mm)

tH
(ls)

tV
(ls)

Dt
(ls)

210�C (60 mm/s) 0.8742 2.02 1.91 0.11
220�C (60 mm/s) 0.836 1.99 1.90 0.09
220�C (90 mm/s) 0.8672 1.99 1.86 0.13

Figure 10 DMA for HDPE samples in vertical and paral-
lel directions. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 11 Microface morphology for HDPE sample (a)
10,000� and (b) 20,000�.
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developed in future, which can promote ultrasound
applications in industrial in a large scale.
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