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INTRODUCTION 

 
Residual stresses are internal stresses of the molded 

part in the absence of external forces. They are caused 
mainly by non-uniform temperature profile in the cavity 
during filling, packing, and cooling stages. Since 
residual stresses in a molded part may cause warpage, 
stress cracking and long-term deformation, the injection 
molding process should be optimized to minimize these 
problems (Kim and Youn, 2007; Poszwa et al., 2018).  

Different variables affect the generation of residual 
stresses during the injection molding process and they 
can be classified as follow: 

• Due to processing conditions 
• Due to mold design  
• Due to injected polymer 
 

Table 1 summarizes some studies about the effect of 
different variables of injection molding on residual 
stresses. 

The aforementioned studies revealed a great variety 
of research related to residual stresses generated during 
the injection molding process; however, these studies are 
limited to specific cases or applications with a particular 
scope. Some studies focus in processing conditions 
effects  but  variables  like  type  of  polymer  and  mold 
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Abstract 
The analysis of residual stresses generated during the injection molding 
process is crucial for the part quality assessment. The present study evaluates 
the generation of residual stress considering different variables that affect 
them. For that purpose, diverse part geometries were evaluated with different 
polymers (polycarbonate, ABS and polypropylene) and some Design of 
Experiments (DOE) were implemented in a simulation software of injection 
molding process (Moldex 3D). The results show higher residual stresses in 
thick wall parts due to unbalanced cooling through-thickness. For thin-wall 
parts, residual stresses were lower because of better cooling through its 
thickness. The polycarbonate was the more sensitive polymer to residual 
stresses upon its processing conditions, being the mold temperature and the 
packing stage the most critical variables to increase or reduce residual stresses. 
 
Keywords: Design of experiments, injection molding, internal stresses, 

residual stresses, simulation 
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designs are not  taken  into  consideration  (Alkaabneh  
et al., 2016; Farshi et al., 2011; Kusić et al., 2013; 
Ozcelik et al., 2010). Other studies evaluate one specific 
geometry but interactions with processing conditions 
and different polymers are not assessed (Kansal et al., 
2001; Raos and Stojsic, 2014; Wang and Young, 2005; 
Xu et al., 2015). The purpose of the present study is to 
evaluate the effect of different variables (processing 
parameters, mold design parameters and injected 
polymer) on residual stresses of injected plastic parts. 
With that intention in mind, three study cases were 

evaluated, a thick wall part, a thin wall part and a part 
combining both thin and thick walls. For each geometry, 
different polymers and processing conditions were 
evaluated to involve diverse variables that affect residual 
stresses in the injection molding process. 
 

MATERIALS AND METHODS 
 

Three polymers were used in the simulations, 
Polypropylene (PP), Polycarbonate (PC) and 
Acrylonitrile Butadiene Styrene (ABS),  to  analyze  the

 
Table 1: Effects of injection molding on residual stresses 
Variable Effect on residual stresses 
Packing pressure Residual stresses increase or decrease depending on evaluated principal stress (Östergren, 2013). 

The value of principal stresses difference increases at higher packing pressure (Postawa and Kwiatkowski, 2006). 
An increase in the packing pressure will cause a decrease in the tensile residual stress distribution (Azaman et al., 2014). 
As the packing pressure increases, the difference between tensile and compressive stresses becomes larger. However, 
tensile stresses on the surface of the part are lower (Choi and Im, 1999).  

Packing time An increase in packing time will cause a decrease in the tensile residual stress distribution (Azaman et al., 2014). 
The strongest influence on residual stresses was packing time, which was strongly nonlinear and connected with melt and 
mold temperature (Poszwa et al., 2018).  

Melt temperature Residual stresses increase with higher melt temperature (Östergren, 2013; Polimerowego et al., 2011). 
The value of principal stresses difference decreases at higher melt temperature (Postawa and Kwiatkowski, 2006). 
The simulation results show that the residual stress within the injected part is determined (in descending order of influence) 
by the melt temperature, the filling time, the packing time and the mold temperature (Lin and Hsieh, 2017). 

Mold temperature Residual stresses decrease with higher mold temperature (Östergren, 2013; Weng et al., 2009). 
An increase in the mold temperature will cause an increase in the tensile residual stress distribution (Azaman et al., 2014). 
As the mold temperature decreases, the difference between tensile and compressive stresses becomes larger. The surface 
tensile stress of molded part are higher (Choi and Im, 1999). 

Cooling time An increase in cooling time will cause a decrease in the tensile residual stress distribution (Azaman et al., 2014). 
An increase in cooling time will cause a decrease in the compression residual stress distribution (Choi and Im, 1999). 

Thickness The residual stresses are higher at lower thicknesses of the molded specimens (Acevedo-morantes et al., 2014; Wang and 
Young, 2005). 

Gate dimensions A larger gate may generate smaller stress (Xie et al., 2014). 
Specimens injected using the high temperature showed residual stress concentration at the gate region due to the 
compression effect of the holding pressure (Salmoria et al., 2018). 

 

 
 

Fig. 1: Thick wall part, constant thickness (3.7 mm) 
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difference of residual stresses between amorphous and 
semi-crystalline polymers. The PP used was a 
homopolymer from SABIC (575P), the PC from GE 
(LEXAN 144R) and the ABS from GE (HF380). 

All properties of the polymers required for the 
simulations are included in the Moldex 3D software 
database. 

To evaluate the effect of thickness in residual stress, 
three different geometries were evaluated: a thick wall 

part (Fig. 1), a thin wall part (Fig. 2) and a part that 
combines both thin and thick walls (Fig. 3) hereinafter 
called push-button part. The thin- and thick-wall parts 
were evaluated with PP and PC. The push- button part 
was evaluated with PC and ABS since its analysis was 
intended for a real application. 

The most relevant processing conditions that affect 
residual stresses of injected plastic parts such as mold 
temperature,   melt   temperature,   cooling    time,    and  

 

 
 

Fig. 2: Thin wall part, constant thickness (1.6 mm) 
 

 
 
Fig. 3: Push button part (maximum thickness 3.4 mm, minimum thickness 1.6 mm) 
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Table 2: Number of evaluated levels for processing conditions in 
simulation of injection molding process 

Variable Level 1 Level 2 Level 3 
Melt temperature + * - 
Mold temperature + * - 
Remaining cooling time + * - 
Packing time + * - 
Packing pressure + * - 
+: High level; *: Medium level; - : Low level 
 
Table 3: DOE 1 at different levels of melt temperature and mold 

temperature for each polymer and injected plastic part 
Part Variable PP PC ABS 
Thin* wall Melt 

temperature 
(°C) 

210 
240 
270 

290 
305 
320 

 

Mold 
temperature 
(°C) 

20 
40 
60 

80 
95 
110 

 

Thick 
wall* 

Melt 
temperature 
(°C) 

210 
240 
270 

290 
305 
320 

 

Mold 
temperature 
(°C) 

20 
40 
60 

50 
80 
110 

 

Push-
button* 

Melt 
temperature 
(°C) 

 290 
305 
320 

220 
230 
240 

Mold 
temperature 
(°C) 

 80 
95 
110 

60 
75 
90 

*: Simulations were performed at fixed conditions of medium level 
from DOE2 

packing stage were evaluated to analyze interactions of 
the different processing conditions. Two Designs of 
Experiments (DOE) were performed for each polymer 
and each geometry. The first DOE evaluated the 
influence of mold temperature and melt temperature at 
fixed conditions of cooling time and packing stage. The 
second DOE evaluated the influence of cooling time and 
packing stage (time and pressure) at fixed conditions of 
melt temperature and mold temperature. Table 2 to 4 list 
different programmed analyses to run in simulation of 
the injection molding process. 

Simulations were performed using the Moldex 3D 
software. All the stages of the injection molding process 
were evaluated (filling, packing, cooling, and warpage). 
The warpage stage includes the calculations of residual 
stresses. To evaluate the most realistic process, cooling 
channels were included with the proper temperature and 
coolant flow to reach the adequate mold temperature. 
Figure 4 to 6 show the configurations of molds with the 
cavities, cooling channels and the mesh of finite volume 
that allows the injection molding process to be simulated 
and solved. The number of elements in the mesh through 
the thickness was 6 to 8 elements (Fig. 7), such level of 
refinement is intended to obtain more precise results. 
According to other similar studies, this number of mesh 
elements through-thickness  is  enough  to  get  adequate 

 
Table 4: DOE 2 at different levels of cooling time, packing time and packing pressure for each polymer and injected plastic part 
Part Variable PP PC ABS 
Thin wall* Cooling time (sec) 4.6 

6.6 
8.6 

2.7 
5.0 
7.5 

 

Packing time (sec) 3.0 
4.5 
6.5 

2.0 
3.7 
6.0 

 

Packing pressure (MPa) 60 
80 
100 

40 
60 
80 

 

Thick wall* Cooling time (sec) 10 
13 
16 

6 
10 
15 

 

Packing time (sec) 7 
10 
13 

4 
7.7 
10 

 

Packing pressure (MPa) 60 
80 
100 

40 
60 
80 

 

Push-button** Cooling time (sec)  6 
10 
15 

9 
13 
18 

Packing time (sec)  4 
7.7 
10 

4 
7.7 
10 

Packing pressure (MPa)  40 
60 
80 

40 
60 
80 

*: Simulations were performed at fixed conditions of medium level from DOE1; **: Simulations were performed at conditions of DOE1 where it 
was obtained minimum residual stress 
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Fig. 4: Mold for thick wall part (cavities, runners and cooling systems) 
 

 
 
Fig. 5: Mold for thin wall part (cavities, runners and cooling systems) 
 
simulation results (Nita and Oanta, 2010; Oliveira, 2012; 
Östergren, 2013). The value of the residual stress 
reported was the Von Mises stress, which is the mean 
value of residual stress at x, y, z directions.  

The reported values were obtained by evaluating a 
specific point onto the surface of injected parts (Fig. 8 to 
10). In the case of thin and thick wall parts, this zone was 
intentionally selected since the surface of these  injected
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Fig. 6: Mold for push button part (cavities, runners and cooling systems) 
 

 
 

 
 
Fig. 7: Mesh refinement 
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Fig. 8: Selected zone to measure residual stresses in thick wall part 

 

 
 

Fig. 9: Selected zone to measure residual stresses in thin wall part 
 
parts provide the main mechanical resistance and also 
because that zone has a high failure probability when a 
tensile test is performed on the part. For the push-button 

part, the evaluation point of residual stresses was 
selected considering that this area exhibits premature 
failure in this type of part during its normal use. 
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Fig. 10: Selected zone to measure residual stresses in push button part 
 

 
 
Fig. 11: DOE 1 for PC: mold and melt temperature effect on von mises. at cooling time (10 sec), packing time (7.7 sec) and packing 

pressure (60 MPa) 
 

RESULTS AND DISCUSSION 
 

For each injected plastic part DOE1 and DOE2 were 
performed at different values of the variables listed in 
Table 2 to 4. The obtained results are presented as 
follows. 

Thick wall part: Figure 11 shows the effect of the mold 
temperature and the melt temperature using PC (DOE 1), 
as it is observed, there is a great effect of these 
parameters on the residual stresses obtained. The 
minimum residual stress  (16.8  MPa)  was  obtained  at 
the   higher   mold   temperature   (110°C),  whereas  the
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maximum residual stress (34.4 MPa) was achieved at the 
lowest mold temperature (50°C). When these two 
stresses are compared, a reduction of 51% in the residual 
stress level is observed with the increase of mold 
temperature. However, it is well known that mold 
temperature at such low values as 50°C is not a 
recommended processing condition for PC, in this study 
such condition was intentionally evaluated to show the 
adverse effects that promote high residual stresses in 
injected polymers at low mold temperatures. Then if the 
minimum residual stress obtained is compared with that 
obtained for the minimum suitable mold temperature 
value for PC (~80ºC), the reduction of residual stress is 
still considerable (16.8 vs. 24.9 MPa), which is a 

reduction   on   the   residual  stresses  magnitude  of  
33%.    The    reduction    of    the    residual    stresses    
at  higher  mold  temperatures   is   explained   since   
there  is  a  smaller  shrinkage  between  layers  of 
polymer   close   to   the   mold   walls   and   the   layers   
in the center of the thickness of the injected part, this 
behavior has been previously reported by other 
researchers (Östergren, 2013; Weng et al., 2009). The 
effect of the melt temperature is not significant, it has a 
slight effect in the reduction of the residual stress when 
the part is injected at the higher mold and lower melt 
temperatures. For that situation the residual stress 
obtained is  the  lowest  of  those  observed  from  this  
DOE. 

 

 
 
Fig. 12: PC DOE2 at melt temperature (305°C) and mold temperature (80°C) 

 

 
 
Fig. 13: DOE 1 for PP: at cooling time (13 sec), packing time (10 sec) and packing pressure (80 MPa) 
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Figure 12 (DOE 2), show the effect of packing stage 
and cooling time on residual stress at a fixed condition 
of medium level from DOE 1 (mold temperature 80ºC 
and melt temperature 305ºC). The values of residual 
stress obtained with this DOE do not differ significantly 
to those from the obtained ones at the medium level from 
DOE 1, indicating that packing pressure does not have a 
considerable effect in reduction of residual stress, but as 
the cooling time and packing time increase, the residual 
stresses are reduced at higher packing pressures. This is 
explained for fact that  at  higher  total  cooling  time  of 
polymer (packing time and remaining cooling time), 
there will be more time for the molecular relaxation of 

the polymer and time to attain a balanced cooling of the 
material, which in turn will reduce the magnitude of the 
contractions in the material and will lead to lower 
residual stresses. Azman and co-workers have reported a 
similar tendency in the packing stage effect on residual 
stresses (Azaman et al., 2014). 

DOE 1 and DOE 2 for PP showed similar tendencies 
to those observed in PC with some differences in the 
magnitude of residual stresses. In the case of PP, the 
effect of low melt temperature in residual stresses was 
more evident (Fig. 13). The results of the simulation 
from PP DOE 2 (Fig. 14) were evaluated at a melt 
temperature of 240°C and a mold temperature of 40°C. 

 

 
 

Fig. 14: PP DOE 2 at melt temperature (240°C) and mold temperature (40°C) 
 

 
 
Fig. 15: DOE 1 for PC: mold and melt temperature effect on von mises. at cooling time = 5 sec, packing time (3.7 sec) and packing 

pressure = 60 MPa 
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Thin wall part: The evaluation of residual stresses 
within a thin wall part showed significantly smaller 
values than  those  obtained  in  the  thick  wall  case  
(Fig. 15 to 18). These lower residual stresses in thin wall 
parts are the result of a more uniform cooling of the 
overall part through its thickness. The shrinkage in this 
type of part is smaller than the one experienced by thick 
wall parts and as a result the residual stresses are smaller. 
Flow-induced residual stresses (caused by polymer chain 
preferential orientations and freeze-off packing pressure) 
are often very small when compared to those generated 
by the thermal  effect  of  the  cooling  (thermal-induced  

residual stresses). However, the last result is conditioned 
to recommended temperatures in the process (mold and 
melt temperature), since lower temperatures increase the 
flow-induced residual stresses (caused by polymer chain 
preferential orientations and freeze-off packing pressure) 
at a higher degree than thermal-induced residual stresses 
(caused by non-uniform cooling of the molding part), 
which generates higher tensile residual stresses on the 
surface of injected parts (Osswald et al., 2010).  

DOE 1 and DOE 2 for thin-wall parts showed 
similar   tendencies   to   those  observed  for  thick  wall

 

 
 
Fig. 16: PC DOE2 at melt temperature (305°C) and mold temperature (95°C) 

 

 
 
Fig. 17: DOE 1 for PP: mold and melt temperature effect on von mises. at cooling time (6.6 sec), packing time (4.5 sec) and packing 

pressure (80 MPa) 
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Fig. 18: PP DOE 2 at melt temperature (240°C) and mold temperature (40°C) 
 

 
 
Fig. 19: (a) Maximum residual stress in simulation, (b) Failure of push button part due to high residual stress 
 
parts, except for the residual stress values previously 
explained. The parameter with the greatest effect on 
residual stresses is the mold temperature, the effect of 
melt temperature and packing pressure is negligible and 
it was also noticed that for higher packing time the 
residual stresses are slightly reduced. 
 
Push-button part: As the maximum residual stress in 
the push-button part coincides with the premature failure 
of this part during final use (Fig. 19) and because it was 
not possible to reduce the values of these residual 

stresses with different DOEs of PC (Fig. 20), a material 
less sensitive to residual stresses. (ABS), was used in the 
practical application. 

Figure 20 shows the effect of mold temperature and 
melt temperature with PC (DOE 1). In comparison with 
the analysis performed with the thick wall part, there is a 
smaller effect of the mold temperature, wherefrom the 
maximum (33.84 MPa) to the minimum (30.67 MPa) 
values of residual stresses there is a 9% reduction along 
the range of mold temperatures studied (80 to 110°C). 
The   reduction   of   residual   stress   at   higher    mold
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Fig. 20: DOE 1 for PC: mold and melt temperature effect on von mises at cooling time (10 sec), packing time (7.7 sec) and packing 

pressure (60 MPa) 
 

 
 
Fig. 21: PC DOE 2 at melt temperature (290°C) and mold temperature (110°C) 
 
temperature is justified due to a lower difference of 
shrinkage between layers of polymer close to the mold 
walls and the layers in the middle section of the thickness 
of the injected part. The effect of melt temperature is not 
significant and only has an effect in the reduction of 
residual stresses when the part is injected at the high 
mold and low melt temperature conditions, for that case 
the obtained residual stress was the lowest observed of 
this DOE. Furthermore, the values of residual stresses 
are higher to those obtained with the thick wall part at 
the same processing conditions, this is caused by an 
unbalanced cooling that generates high differences in the 
magnitude of the shrinkage throughout the part. 

Figure 21 (DOE 2), show the effect of the packing 
stage and the cooling time on the residual stresses. 
Differing from the analysis of the thick wall part, the 
fixed conditions from DOE 1, mold temperature and 
melt temperature were selected at 110 and 290ºC, 
conditions at which the minimum residual stress from 
DOE 1 was obtained. As was shown with the thick wall 
part, the values of residual stresses were reduced when 
the packing pressure and packing time are increased, 
however, there was no significant reduction of the 
residual stresses with cooling time. 

Since PP is not adequate for applications like push-
bottom  parts,  an  ABS  polymer  was  evaluated  as  an 
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Fig. 22: DOE 1 for ABS: mold and melt temperature effect on von mises at cooling time (13 sec), packing time (7.7 sec) and 

packing pressure (60 MPa) 
 

 
 
Fig. 23: ABS DOE 2 at melt temperature (220°C) and mold temperature (75°C)

alternative to PC using the proposed DOE 1 and DOE 2 
(Fig. 22 and 23). The results evaluating ABS showed 
similar tendencies to those observed for PC, except that 
the values of residual stresses are the lowest at mold 
temperatures of 75°C. This observation could be 
explained by the fact that a 90°C mold temperature is 
close  to  the  ABS  glass  transition  temperature. These  

results show that the use of ABS is a better alternative 
than  PC  to  minimize residual  stresses of the part, thus  
avoiding premature failures in it. Some authors have 
reported that higher molecular weight polymers result in 
higher residual stresses (Kazakov, 1998). In this specific 
case, PC has a higher molecular weight than ABS, 
additionally, properties of ABS such  as  lower  stiffness 
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and fragility concerning PC make it less prompt to 
failure by residual stresses. 
 

CONCLUSION 
 

Higher residual stresses due to thermal effects are 
generated for an unbalanced cooling of the injected part. 
That condition, for instance, was found in the push-
button part. To make things worse, PC high sensibility to 
residual stresses needs to be considered, which in order, 
reduces residual stresses on injected plastic parts. 

Further higher residual stresses can be expected for 
injected parts with large thicknesses due to the 
considerable gradient of temperatures between the 
injected polymer near the walls of the mold and polymer 
in the middle region of the thickness, this generates 
different levels of polymer’s shrinkage into the mold and 
thus higher residual stresses. This was evidenced by the 
analysis of the residual stresses for the thick wall part and 
the push button part. 

Residual stresses for thin-wall parts are lower than 
those observed in thick wall parts if a balanced cooling 
is guaranteed as it was done in the present study. 
However, it is necessary to inject these thin-wall parts 
with the recommended processing temperatures (mold 
and melt temperatures), otherwise, the flow-induced 
residual stresses (caused by polymer chain preferential 
orientations and freeze-off packing pressure) begins to 
be significant.  

The PC was the most sensitive polymer to residual 
stresses depending on the processing conditions, being 
the mold temperature and packing stage the most critical 
variables to increase or reduce residual stresses. 

Future work is currently in progress to include the 
effect of the mechanical properties of injected plastic 
parts and its relationship with the residual stresses, as 
well as the validation of the residual stress prediction 
using standardized technique measurements. 
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