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Abstract. During injection molding, thermoplastic materials are heated up to the 
molten state and then forced into a mold cavity at high pressures. For complex 
shaped components it is often necessary to use multiple sprues or to let the melt run 
around obstacles, which leads to the formation of weld lines. If two streams coming 
from opposite sides meet in the mold, the molecules of the two melt streams have 
different orientations and thus suppress effective crosslinking between the two melt 
fronts. Apart from being visible to the naked eye, such weld lines do reduce the 
strength of the part locally. This effect is even stronger when short fibre reinforced 
plastics are used. The fibres are aligned parallel to the weld line, while far from the 
weld line they are aligned parallel to the flow direction of the melt. This causes 
additional weakening of the part.  
 Aim of this study is to characterize the stiffness in the weld line compared to 
pristine material and correlate the stiffness measured non-destructively to strength 
measured destructively. Tensile testing specimens with and without weld line were 
produced having glass fibre content ranging from 30 % to 50 % mass fraction. To 
characterize weld lines in short glass fibre reinforced polymer, various ultrasonic 
methods were employed. Contact coupled ultrasound with longitudinal waves in 
through thickness direction was used to find the stiffness increase induced by the 
fibres being oriented parallel to the weld line. Additionally, shear waves in through 
thickness direction were used to quantify the angular anisotropy of shear stiffness in 
the weld line as compared to regions further apart from it. The velocity of guided 
waves excited by air-coupled ultrasound transducers was measured perpendicular to 
the weld line and in pristine material. Air-coupled ultrasound in transmission 
visualized the weld lines in c-scan images. 

Introduction 

Weld lines in injection molded parts are always reducing the mechanical properties of the 
part and due to that lead to an earlier failure. They are formed when two flow fronts of the 
thermoplastic melt meet and freeze in this state (Fig. 1). This causes an unfavorable 
orientation of the macromolecules and, even worse, of the fibers, vertically to the main 
direction of flow. Because of the fast cooling in the mold, the molecules don’t have enough 
time for interdiffusion. The interdiffusion of the macromolecules can be improved by 
higher temperatures of the melt and in the mold in order to reduce the cooling rate. 
Unfortunately this procedure will not have any influence on the fiber orientations, which 
makes weld lines in fiber reinforced plastic parts very problematic. To deal with this in 
component design, a weld line factor describing how much of the original tensile strength 
still exists when a weld line is present, is used [1]. Values for the materials used here are 
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0.42 and 0.30, for 30 % and 50 % fiber content respectively, which do illustrate the severity 
of the problem. In order to develop strategies against this weakness, it is important to 
characterize weld lines or at least to locate the areas of the highest risks of failure because 
of weld lines. Techniques which visually suppress the formation of weld lines exist, but 
they do not eliminate their effect on strength. This fact encouraged research into ultrasonic 
detection and evaluation of weld lines. 

Previous works on ultrasonic (and also microwave) fiber direction detection showed 
that the presence of weld lines in flat specimens can be detected because of different fiber 
orientations on either side of the weld line [2]. Ultrasonic shear waves and air-coupled 
polar scans were applied to detect the fiber direction [3]. The work presented here is a 
preliminary attemp to show not only the presence of a weld line, but to also characterize it 
to help the injection molding engineer optimize strategies for increasing the performance of 
the parts. 

Methods 

Injection molding of the specimens 

PBT with 30 % and 50 % glass fiber contents, Crastin SK605 NC010 and Crastin SK609 
NC010, kindly provided by DuPont, was used. All samples were manufactured on an 
ARBURG ALLROUNDER 520 S injection molding machine with a maximal clamping 
force of 1600 kN. The screw diameter is 40 mm. The mold temperature was controlled via 
a temperature control system by HB Therm. Before taking the samples, four shots have 
been made in order to yield a stable process. The injection molding parameters used for 
production of the specimens are shown in Table 1. 

The mold shown in Fig. 2 is a two-cavity-mold with a tensile rod geometry 
according to DIN EN ISO 527. In order to get specimens with and without weld line, one 
side of the runner system seen in Fig. 2 can be blocked in order to get specimens without 
weld line. 

Table 1. Injection molding parameters 

Specimen 

Fiber 
content 
in % 

Injection 
speed 

in cm³/s 

Injection 
pressure 
in bar 

Holding 
pressure 
in bar 

Holding 
time  
in s 

Melt 
temperature 

in °C 

Mold 
temperature 

in °C 
1 30 50 640 400 15 270 80 

2 30 110 680 400 15 270 80 

3 30 80 410 400 15 270 110 

4 30 80 640 400 15 270 60 

5 50 80 1850 600 10 250 50 

 

 
 

Fig. 1. Melt flow direction (equal to fibre 
orientation) in a weld line 

 

Fig. 2. Mold used to prepare the specimens. The part of the 
runner system marked in red can be blocked to produce 

specimens without weld line. 
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Air-coupled ultrasound 

A Dasel Airscope TT (Dasel Sistemas) was used together with a pair of focused NCG200-
D13-P38 (The Ultran Group) transducers. Both types operate at 200 kHz and were driven 
by bursts of ten cycles with 200 V amplitude. A scanning table made by ISEL was used to 
move the transducers. For the transmission c-scan measurements, the transducers were 
operated aligned at a slanted angle � with respect to the surface (Fig. 3). The angle was 
selected by searching for the angle with the highest transmitted amplitude on a location 
which did not contain a weld line. The same angle was used for all specimens with equal 
fiber content. Cardboard and adhesive tape were used to inhibit air-coupled ultrasound 
transmission around the specimens, which would have distorted the image. Images were 
generated by calculating the sine-cosine transform at the frequency of the emitted pulse and 
using its complex magnitude as amplitude and its complex argument as phase. 

Velocities of guided waves were measured by holding one transducer steady and 
moving the other one along the specimen as indicated by the gray transducer in Fig. 3. The 
acquired data was evaluated according to the DTOF-method with distance depending time 
window as described in [4], whereby the phase of each a-scan is calculated to generate a 
phase-distance curve. The phase velocity is then obtained from the slope of that curve. 

 

 
 

Fig. 3. Measurement setup for air-coupled 
ultrasound transmission and phase velocity 

measurement 

Fig. 4. Schematic measurement setup for contact 
coupled ultrasound with shear waves 

Contact coupled ultrasound 

To generate longitudinal waves, a Krautkrämer USIP 12 was used in combination with a 
Krautkrämer Alpha 5 MHz .25 in transducer. The transducer was applied manually without 
a wedge in one position about 30 mm away from the weld line and directly on the weld 
line. Measurement direction was through the thickness of the specimens. A-Scans were 
digitized using a Tektronix TDS 3014B oscilloscope. In MATLAB, autocorrelation of each 
a-scan was used to determine the transit times and from this calculate velocity. 

A Ritec SNAP RAM 5000 was used to drive an Olympus D7069 transducer with 
2.25 MHz nominal center frequency and 12.7 mm (0.5 in) Diameter to excite shear waves. 
A PMMA-wedge was used. The Ritec measurement system is equipped with a heterodyne 
receiver, which was used to detect amplitude and phase of front wall and back wall echoes. 
The couplant used was shear wave couplant SWC from Olympus. The transducer was 
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mounted to a six axis robot (ABB IRC 120) to allow flexible and reproducible transducer 
positioning. The movements of the robot and the ultrasonic measurements were 
synchronized using a program written in MATLAB. 

To determine the shear wave anisotropy the transducer was rotated by 360° in 5° 
steps. At each step, an a-scan was shot and phase and amplitude were detected. Values from 
each angle � were averaged with the values of � + な8ど°.  

 
Fig. 5. Sketch of specimen geometry. The dashed line is the location of the weld line, the dots represent 

locations in which contact ultrasonic measurements were made, the dashed dotted square indicated scan area 
of air-coupled ultrasound scan. 

Mechanical Testing 

The mechanical testing was performed according to DIN EN ISO 527-1 with a tensile 
testing machine Zwick Roell, type 1455 with a nominal power of up to 20 kN. The testing 
speed was set to 5 mm. 

Results 

Air-coupled ultrasound C-Scans 

The c-scans shown in Fig. 6 indicate how weldlines can be visualized by simple means. In 
the amplitude image, (left in Fig. 6) a vertical stripe of high amplitude is seen in the center 
of the specimen. This is due to the attenuation induced by the cardboard shielding being 
attached to the edges of the specimen using modeling clay. The weld line reveals itself as 
an interruption of this vertical high amplitude area. The width of this interruption is about 
5 mm. Because the image is an amplitude c-scan, an 5 mm wide area with high attenuation 
must exist. Notably, this interruption is only visible if the slanting of the transducers is 
perpendicular to the injection direction, it is barely visible if the transducers are slanted in 
the injection direction. Hence, if the direction of the weld line was unknown, it would be 
necessary to make two measurements with slanting in different directions. 

   
Fig. 6. Air-coupled amplitude (left) and phase (right) c-scan of central area of specimen with weld line 

(specimen 4) 

To better compare the weldlines in different specimens, profiles of the amplitude c-scan 
have been extracted from the center of the high-amplitude area (Fig. 7). Most notably is the 
difference in amplitude between specimen 5 with 50 % fibre volume ratio and the other 
specimens, which is due to the fact that measurement parameters (slant angle �, gain etc.) 
were readjusted for that specimen, because its mechanical properties are strongly different 
from the other specimens. In the profiles it can be seen that the amplitude reduction near 
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the weld line is not equal for all specimens. Also the slopes at the sides of the weld lines are 
not equal and may be an indicator for the stiffness change in the weld line.  
Unequal slopes for left and right flank of the weld line may be explained by unequal 
temperature conditions in the injection molding machines runner system. It appears that 
specimen 4 has the smallest slopes of the 30 % glass fiber specimens but an amplitude 
reduction euqual to the other specimens hence the widest weld line, while the other weld 
lines seem to be more narrow. Specimens 2 and 3 do show the steepest slopes and hence a 
more abrupt beginning of the weld line. 

 

Fig. 7. Amplitude profiles across the weld line. Profiles have been shifted horizonatlly for clarity. 

Table 2. Values extracted from amplitude profiles in Fig. 7 

Specimen Amplitude reduction in % Slope left in %/mm Slope right in %/mm 
1 43 9.1 5.9 
2 43 10.2 7.8 
3 46 11.2 8.4 
4 48 6.8 8.8 
5 27 7.1 7.5 

 
To examine not only attenuation but also the stiffness of the weld line, the phase image 
(right in Fig. 6) was calculated from the acquired c-scans. In the phase image, an area of 
lower phase values exists where the low amplitude interruption is seen in the amplitude 
image. The noise to the left and right is due to the edges of the specimen or the cardboard 
shielding next to it. Phase profiles (Fig. 8) were generated across the weld lines. They 
reveal that the change of the phase on the weld line as compared to away from it is varying 
quite substantially for the different specimens. As compared to the amplitude reduction 
seen in Table 2, the contrast in the phase range is more pronounced within the 30 % glass 
fiber specimens. 

A larger phase change would be attributed to a larger change in elastic properties, 
leading to the conclusion that the weld line in specimen 4 has the least effect while, like 
seen in the amplitude, specimen 3 has the highest effect (Table 3). 
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Fig. 8. Phase profiles taken along the center of the specimens across the weld line. Plots were shifted 

horizontally to improve clarity 

Table 3. Properties of weld lines determined from air-coupled ultrasound phase curves 

Specimen Phase range in rad Slope left in rad/mm Slope right in rad/mm 
1 0.99 0.18 0.23 
2 0.95 0.22 0.18 
3 1.08 0.23 0.22 
4 0.92 0.21 0.17 
5 1.18 0.27 0.27 

Air-coupled ultrasound velocity measurements 

B-Scans with variable emitter receiver distance as shown in Fig. 9 show a distinctive kink 
in the time phase relationship. This kink is located on the weld line and exists because the 
mechanical properties of the weld line differ from the pristine material. When looking at 
the material apart from the weld line, it is seen that phase velocities vary even in that (Table 
4). Because the specimens have been injection molded at different temperatures and speeds, 
this variation is quite natural. Different velocities between opposite sides of the weld line 
may be attributed to the runner system having unequal temperature. 

The least effect is seen for the weld line of specimens 4 and 5, their phase velocities 
on the weld lines are almost the same as in the pristine material. The most drastic changes 
are seen for specimens 1 and 3. This implies that strong changes in fibre orientation do 
exist in the weld line, probably leading to not only to stiffness increase but also significant 
strength reductions. 
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Fig. 9. Quasi b-scan (emitter receiver distance variation) from air-coupled phase velocity measurement. 

Arrow marks area of weld line. 

Table 4. Phase velocities measured by air-coupled ultrasound 

Specimen Phase velocity in m/s 
before weld line on weld line after weld line 

1 979 1551 973 
2 987 1277 989 
3 1005 1672 1031 
4 996 974 1014 
5 1175 1074 1151 

Longitudinal waves 

Typical a-scans acquired on the specimens are show in Fig. 10. First and second reflection 
from the back wall are clearly visible. The velocity measured on the weld line is higher 
than in the pristine material, Table 5 displays the values. Unsurprisingly, the velocity in 
specimen 5 is higher than in all other specimens, which is due to the higher glass fiber 
content and hence the higher stiffness of the material. On the weld lines, velocities are 
generally higher than in the pristine material, indicating that stiffness in through-thickness 
direction is increased on the weld line. 

Table 5. longitudinal wave velocities 

Specimen Velocity in m/s Velocity increase in % 
on weld line pure material 

1 2339 2326 0.58 
2 2361 2334 1.18 
3 2356 2326 1.30 
4 2345 2315 1.29 
5 2545 2469 3.05 
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Fig. 10. typical a-scans for longitudinal waves (specimen 5) 

The stiffness increase detected on the weld line indicates that fiber orientation in the weld 
line is more in through-thickness direction than apart from it, supporting the flow alignment 
depicted in Fig. 1. Even though this reorientation results in decreased stiffness along the 
axis, the impact on strength is unclear, because fibre alignment alone is not sufficient for 
good strength. There also needs to be an area of interleaving between the fibers from both 
sides of the weld line. 

Shear waves 

The difference in phase angle calculated from the front wall and back wall echo signals 
detected by the measurement systems heterodyne receiver is plotted over transducer 
orientation angle in Fig. 11. For the pristine material, far from the weld line, a strong 
anisotropy in signal phase is detected during one 180°-rotation of the transducer. On the 
weld line the phase is still anisotropic, but the anisotropy is weaker and even in the opposite 
direction. 
The pronounced anisotropy far from the weld line is an indicator for alignment of the 
fibres, because fibre alignment leads to stiffness anisotropy which causes the angular 
dependence of the signals phase. On the other hand, in the region on the weld line, the 
stiffness is not as dependent on the polarisation direction of the wave, and hence the fibres 
are less aligned. To quantify this effect, for each measurement position the range spanned 
by the unwrapped phase curve is calculated. The far from the weld line and on the weld line 
ranges are given in Table 6. For all specimens, except for specimen 4, the phase range and 
hence the anisotropy is stronger in the pristine material than on the weld line. This supports 
the hypothesis of stronger fiber orientation in pristine material as compared to the weld 
line. As seen for the longitudinal waves, the effect seen for the 50 % fiber content 
(specimen 5) is strongest. The low anisotropy in the pristine material of specimen 4 may be 
an indicator for less pronounced fiber orientation, which also corresponds to the lower 
tensile modulus of that specimen (see section Mechanical testing). 
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Fig. 11. Phase of the back wall echo plotted over transducer orientation angle for three positions along 

specimen 1 

Table 6. Shear wave phase ranges detected on weld lines and pristine material 

Specimen Pristine material phase range in rad Weld line phase range in rad 
1 1.5 0.6 
2 2.0 1.2 
3 2.7 2.0 
4 0.6 1.0 
5 6.0 2.0 

Mechanical testing 

Tensile testing of specimens produced with parameters equal to those used for producing 
the specimens investigated yielded the strength and moduli displayed in Table 7. 
Specimens 1–3 yield quite similar values, while specimen 4 has lower strength and 
modulus. The higher fibre content of specimen 5 caused its larger stiffness. 

 
Table 7. Strength and modulus of specimens with equal injection molding parameters 

Specimen type Tensile modulus in MPa Strength in MPa 
1 8 293 58.139 
2 8 259 58.020 
3 8 327 58.369 
4 7 912 57.444 
5 12 447 45.56 

Summary 

Tensile testing bars with weld lines have been examined using air-coupled 
ultrasound transmission, guided waves velocity measurements, longitudinal waves and 
shear waves for PBT with 30 % and 50 % glass fiber content. All methods were able to 
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detect the presence of a weld line, either by visualizing it in a c-scan or by detecting 
velocities respectively phase shifts in the received signal. 

The quantitative results did show differences between the weld lines in the 
specimens, but the meaning of the figures is still unclear. For example the specimen (4) 
with the most significant strength reduction showed almost no effect in guided waves 
velocity. To quantify the effect of a weld line, further knowledge of the relationship 
between fibre orientation distribution and ultrasonic velocities is needed. Also the effect on 
weld line width on strength should be investigated. 

Regarding ease of measurement, the authors suggest the used of air-coupled 
ultrasound in through transmission for flat specimens, as coupling issues do not exist and 
the resulting images are easily interpreted. For more complex shaped specimens, all 
methods would need automation by robots, only the longitudinal waves measurements 
seem to be simple enough to be performed manually, too. 
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