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INTRODUCTION

Pressure casting of aluminium, magnesium 
and copper alloys is the basic technology of 
producing household appliances, as well as mo‑
tor industry and aircraft ware, etc. [10, 13]. The 
technological process, during pressure forming, 
is a very complicated issue, due to the occur‑
rence of such phenomena as thermo‑mechanical 
fatigue, creeping, erosion, cavitation, mould 
and metal component dissolution, adhesion, etc. 
Figure 1 schematically presents the construction 
of the pouring system for a cold chamber pres‑
sure machine with a horizontal casting chamber 
[27] (a) and an exemplary drawing of a pressure 
cast with the pouring system elements [14] (b). 
The characteristic phenomena affecting the effi‑
ciency and durability of the pouring system of a 

cold chamber pressure machine with a horizontal 
chamber have been shown in Figure 2 [16]: 
1.	It can be inferred from the literature analysis 

that the main focus has been put on the phe‑
nomena occurring mostly in the casting cham‑
ber, in reference to:

•• Thermal deformation (Fig. 3) [12] and thermal 
fatigue [23],

•• Temperature distribution in the cold casting 
chamber of a cold chamber pressure machine 
[24], (Fig. 4) [26], 

•• Modelling of the heat flow in the casting 
chamber [30],

•• Selection of the casting chamber material [5].
•• In reference to the plungers used in a cold 

chamber pressure machine, the literature con‑
centrates on:

•• Plunger movement profile [9],

Analysis of Mechanical and Thermal Stresses in a Pressure Casting 
Machine Plunger

Jacek Jankowski1*, Dariusz Kołakowski2 , Bogusław Piotr Pisarek2

1	 Department of Strength of Materials, Lodz University of Technology, 1/15 Stefanowskiego str., 90‑924 Łódź, 
Poland

2	 Department of Materials Engineering and Production Systems, Lodz University of Technology, 
1/15 Stefanowskiego str., 90‑924 Łódź, Poland

*	 Corresponding author’s e‑mail: jacek.jankowski@p.lodz.pl 

ABSTRACT
The study discusses the thermo‑mechanical stress distribution in the plunger of a cold chamber casting machine 
with a horizontal casting chamber in the stationary aspect. The main stresses as well as the reduced stresses were 
determined for four different strength hypotheses, two of which took into account different acceptable maximal 
tensile and compressive stresses. For comparative purposes, the calculations were performed for three different 
construction materials used for cold chamber pressure machine plungers: grey pearlitic cast iron, high silicon 
bronze and beryllium bronze, as well as one more type of bronze, which has not been used for plungers so far, i.e. 
aluminium‑iron‑nickel bronze, constituting the initial alloy for the newly‑developed complex bronzes with high 
wear resistance and elevated strength.

Keywords: plunger, cold chamber pressure machine, thermo‑mechanical stresses, equivalent stresses, different 
tensile and compressive strength

Volume 14, Issue 1, March 2020, pages 209–223
https://doi.org/10.12913/22998624/117724

Advances in Science and Technology 
Research Journal

Received: 2020.01.09
Revised: 2020.01.23

Accepted: 2020.02.05
Available online: 2020.02.15



Advances in Science and Technology Research Journal  Vol. 14(1), 2020

210

a) b)

Fig.1. Schematics of a cold chamber pressure machine with a horizontal casting chamber [27]: (a) and a drawing 
of a pressure cast with the pouring system elements [14] (b)

Fig. 2. Phenomena affecting the efficiency and durability of the pouring system of a cold chamber pressure 
machine with a horizontal casting chamber [16]

a) b)

Fig. 3. Deformations of the chamber after liquid alloy casting [23]: a) laminar character of the alloy after 
chamber filling, b) changes in the chamber diameter with temperature increase, c) chamber deformations
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•• Temperature distribution in the plunger de‑
pending on its material and wall thickness [5],

•• Selection of the plunger material [5],

2.	Simulation performed in the MAGMA5® pro‑
gram of the die casting of a thick‑walled sleeve 
for cold chamber pressure machine plungers:

•• Cold and hot cracking – a case study [21],
•• Simulation of the stress in a die cast of a 

thick‑walled sleeve during solidification and 
cooling [22],

•• Optimization of the parameters for the die 
casting of a thick‑walled sleeve [20],

•• Plunger lubricants [8].

Based on the presented literature, it can be 
pointed out that no investigations of the stresses 
present in pressure machine plungers have been 
presented so far.

And so, the study concentrates on establish‑
ing the state of the thermo‑mechanical stresses of 
the plunger of a cold chamber casting machine 
with a horizontal casting chamber. This is the first 
stage of investigations devoted to this issue. The 
article describes the stresses with the assump‑
tion of a uniform temperature field in the vicin‑
ity of the plunger. For comparative purposes, the 
calculations were performed for three different 
construction materials used for plungers of cold 
chamber pressure machines: grey pearlitic cast 
iron, high silicon bronze and beryllium bronze, 
as well as aluminium‑iron‑nickel bronze consti‑
tuting the initial alloy for the newly‑developed 
complex bronzes with high wear resistance and 
elevated strength [18, 19].

The following stages (planned articles) will 
include analyses of the stresses for a uniform 
temperature field, that is for conditions similar to 
the actual ones present during the operation of a 
plunger. 

One of the causes of premature wear of the 
plungers is the interaction of the radial and cir‑
cumferential thermal stresses with the external 
longitudinal stresses generated by the periodical 
input functions during the mould’s operation.

In the established production cycle of pres‑
sure casting, after the start‑up phase, it can be as‑
sumed that the radial and circumferential thermal 
stresses during one working cycle, due to a very 
high thermal capacity of the mould, are subjected 
to slight oscillations. Such a state is present af‑
ter a few injections. The plunger is cooled for the 
whole working time through the forced circula‑
tion of the coolant. 

In turn, the longitudinal mechanical stresses 
during the pressure casting work cycle change 
from zero through the injection pressure to the 
maximal compressive pressure. The whole cycle 
together with the time of the chamber’s filling 
with the liquid metal lasts about 2–3 minutes, 
whereas the cycle of loading the plunger with 
pressure is below 60 s.

In the case of the plunger of a cold cham‑
ber casting machine with a horizontal casting 
chamber, the compressive pressure is the mini‑
mal (compressing) longitudinal load equalling 
even up to 100 MPa, whereas the maximal load 
is zero during the chamber filling, i.e. it equals 
0 MPa.

Fig. 4. Results of a temperature distribution simulation in a non‑cooled casting chamber [26]
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The most important task is to determine the 
maximal thermo‑mechanical stresses, includ‑
ing the reduced stresses. The materials used for 
plungers have different tensile and compressive 
strengths. The compressive strength Rc is much 
higher than the tensile strength Rm. This means 
that the maximal acceptable compressive stresses 
kc are higher than tensile stresses kr (i.e. kc<kr). 
The study introduces the coefficient of compres‑
sive strength and tensile strength z=kc/kr>1. 
Also, it takes into account the hypotheses refer‑
ring to different maximal compressive and ten‑
sile stresses (the so‑called Burzyński and Mohr 
hypothesis).

From the point of view of fatigue strength, the 
working cycle of the plunger in a casting machine 
is a negative pulsating cycle. The knowledge of 
the static maximal mechanical and thermal stress‑
es is a necessary element which helps increase the 
durability of the plunger as well as its efficiency 
during the operation in the pressure machine. The 
study presents an analysis of four different plung‑
er materials.

The study constitutes an introduction into 
analyses of the thermo‑mechanical stresses pres‑
ent in the technological process. In order to fa‑
cilitate the analysis, the study assumes an axisym‑
metric stress state with a three‑directional stress 
state. In the lateral plane to the plunger axis, we 
observe radial and circumferential thermal stress‑
es caused by the temperature difference between 
the outside and the inside of the plunger, whereas 
in the longitudinal direction, mechanical stresses 
occur. In the technological process, the thermal 
stresses change circumferentially from maximal 
in the lower part of the machine’s casting chamber 

to minimal in the upper part of the chamber. For 
these reasons, the study also includes an analy‑
sis of the stresses additionally for two plunger 
temperatures. The analysis was performed for the 
maximal – in respect of the absolute value – static 
loads generating constant thermo‑mechanical 
stresses, by means of analytic formulas used to 
determine them.

In the compression cycle of a casting ma‑
chine, the plunger can impact on the pilot sleeve 
together with the die of the machine in which the 
sleeve is mounted. Then, a radial load addition‑
ally appears on the external surface of the sleeve. 
This has also been taken into account in the anal‑
ysis of the plunger’s operation.

The plunger analysis presented in the study is 
based on a representation of the actual pressure 
casting process performed on a Bühler machine at 
WIFAMA‑PREXER, Łódź [25] (Fig. 5).

In the following studies, the authors are plan‑
ning to consider the variability of the radial and 
circumferential thermal stresses as well as the 
variability of the longitudinal stresses.

FORMULATION OF THE PROBLEM

In order to conduct analysis, special program 
was made, that basic assumptions and formula 
were shown in figure 6. In help of the program, 
principal stresses are obtained for thermal and 
mechanical loads. For thick plunger cylindrical 
coordinates system was taken into consideration. 
Investigated issues of mechanical‑thermal loads 
are linear, so that the principle of superposition 
can be used as principle that is broadly used in the 
mechanics of elasticity and strength of materials. 

a) b)

Fig. 5. A cold chamber pressure machine Bühler (WIFAMA‑PREXER Łódź, Poland) [25]
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Thermal stresses in thick‑walled plunger for 
stationary problem 

Radial and angular stresses are principal ther‑
mal stresses for stationary problem.

In order to obtain basic equations for station‑
ary problem, following assumptions were adopt‑
ed [6, 15, 28]: 
•• Kelvin phenomenon is neglected (deflection 

of the material causes growth of temperature),
•• Lack of source of heat energy (Q=0),
•• Field of temperature is obtained independent‑

ly on stresses and strains from classic equation 
of conductivity, for stationary problem,

•• Temperature distribution is axi‑symmetrical 
and does not depend on z coordinate in axial 
direction,

•• Thermal stresses are caused by constant field 
of temperature (unchanged in time),

•• Thermal and elastic properties material of tube 
are not dependent on temperature.
In analysed case, basic equation of the prob‑

lem are taken into consideration [6, 28]:
•• conductivity equation in stationary problem 

(1):

0)(12 







r
Tr

rr
T  (1)

•• equilibrium equation (2):

0



rdr

d trr 
 (2)

•• geometric equations (3) i (4):

dr
du

r   (3)

r
u

t   (4)

where:	 u – radial displacement,
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r    – radial strain,
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	 0




rdr
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  – radial stress,
	 0



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 – angular stress,

	 a  – inner radius of tube,
	 b  – outer radius of tube (condition: 

bra ≤≤ ),
	 aTarT == )(  – temperature on inner sur‑

face of tube,
	 bTbrT == )(  – temperature on outer 

surface of tube.

Distribution of thermal stresses

Radial and angular stresses are principal ther‑
mal stresses for stationary problem. IN figure 7, 
geometry of plunger of cold chamber pressure 
machine. 

Solution of equation (1) for plunger analysed 
can be written in form (5):

ab
arTTTrT aba /ln

/ln)()(   (5)

Relationships between stresses and strains for 
three‑dimensional stress state are as follows (6):
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 trzz E
T  

1
 

 

(6)

Fig. 6. Dialog window of the program
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where:	E – Young modulus,
	  n  – Poisson’s ratio,
	  a  – coefficient of linear expansion,

moreover (7):

refTTT   (7)

and (8)

),min( baref TTT   (8)

The following inverse expressions come from 
(6) and can be written in the form (9):
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(9)

For investigated problem, boundary condi‑
tions were accepted, assuming that radial stress is 
equal to 0 on inner and outer surface of tube (10):

0)()(  brar rr   (10)

Equilibrium equation in displacement after 
taking into account (2), (3), (5) i (9) has form (11):

dr
Td

dr
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Components of stress state are found as solu‑
tion of equation (10), taking into account depen‑
dences (3), (4), (5), (6), (9) and boundary con‑
ditions (11). Finally, components are obtained as 
follows (12): 
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(12)

As it can see easily in (12), radial and angular 
stresses are dependent on Young modulus E, coef‑
ficient of linear expansion α and on temperature 
difference on inner (r=a) and outer (r=b) surface. 

Mechanical stresses in thick‑walled 
plunger subjected to external pressure p

In pressing cycle, influence between plunger 
and tube with die of foundry machine with cold 
chamber with horizontal inundation chamber can 
model as Lame problem, so stress distribution in 
thin‑walled plunger subjected to only external 
pressure p, as it is shown in figure 8. It is assumed 
that pressure inside of tube is equal to zero. In this 
work, only final relations were given to improve 
readability of the article. Detailed description of 
derivation of mathematical formulas can find in 
handbooks on strength of materials i.e.: [3, 6, 28, 
29]. Applying used in this work signs, mathemati‑
cal formulas on principal and mechanical stresses 
caused by uniformly distributed external pres‑
sure, are given as follows (13):
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(13)

Fig. 7. Model of long thick‑walled tube‑plunger
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Mechanical‑thermal stresses 
in thick‑walled plunger

It was adopted the following additional as‑
sumption that axial stress does not depend on 
temperature and it was adopted that axial stress 
has uniform distribution. Axial stress is principal 
mechanical stress resulting from loading in work 
cycle of casting machine, which the highest value 
is assumed in process of subtending. In order to 
describe principal thermal‑mechanical stresses 
in analysed tube, principle of superposition was 
used. On the basis of (12) and (13) finally was 
taken into account (14): 

 
rrr  ˆ  

ttt  ˆ  
(14)

Equivalent stresses in plunger

Having obtained principal stresses (14) 
 ztr sss ,,  it can obtain moreover equivalent 

stresses for two the most well‑known strength hy‑
potheses: hypothesis of maximal shear stress  maxt  
and hypothesis of Huber‑Mises‑Hencky HMH [3, 
7, 29]. Material of plunger can have different max‑
imal allowable stresses for tension kr and com‑
pression kc (or ultimate strength capacity for ten‑
sion Rm or for compression Rc). It was taken into 

account in two modifications of mentioned hy‑
potheses: hypothesis Mohr and Burzynski [29].	  
For isotropic materials with the same ultimate 
strength capacity (obtained for tension and com‑
pression), equivalent stress was obtained accord‑
ing to the following hypotheses [3, 7, 29]:
•• Huber‑Mises‑Hencky (sign: HMH) (15):
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         rrzzttrHMHeqvHMH k 222

2
1   

 

(15)

the highest shear stress  maxt  (sign: TAU) (16): 
 

  rTAUeqvTAU k minmax   

 
(16)

where:	  ),,max(max ztr ssss =

 ),,min(min ztr ssss = .

Obtaining of mechanical‑thermal stress dis‑
tribution gives ability to conduct parametric 
analysis and makes easy evaluation of tribology 
properties of tube. Whereas in case of isotropic 
materials having different allowable stresses for 
compression kc (or ultimate strength capacity 
for compression Rc) and tensions kr ( or ultimate 
strength capacity for tensions Rm) according to 
following hypotheses [4, 29]:

Fig. 8. Thick‑walled cylindrical tube – plunger subjected external pressure
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•• Burzynski (sign: B), 
At the beginning two parameters should be 
calculated (17) i (18): 

 
3/)(1 ztr    

 
(17)
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(18)

, which allow to calculate equivalent stress 
according to presented hypothesis for 3 condi‑
tions (19), (20) i (21): 
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•• Mohr’s (sign: M) (23): 

  rMeqvM k
z

 minmax
1   

  
  

 
 

(23)

In case of z=1, Burzynski hypothesis reduc‑
es to HMH hypothesis, and Mohr hypothesis to 
maximal shear stress TAU hypothesis. 

For equations above, program was made to 
calculate components of principal stresses and 
equivalent stress for 4 hypotheses. 

ANALYSIS OF THE RESULTS

Calculations were conducted for the follow‑
ing input data for real conditions, that appear dur‑
ing technology process using casting machine 
Bühler in company WIFAMA‑PREXER:

•• outer temperature of plunger:
−	 case 1 – Tb=300 °C,
−	 case 2 – Tb=250 °C,
−	 case 3 – Tb=200 °C;

•• inner temperature of plunger 	Ta=150 °C; 
•• outer diameter of plunger	 D=2b=70 mm;
•• inner diameter of plunger	 d=2a=42 mm;
•• maximal pressure of plunger	σz=‑72 MPa;
•• relation of different strengths z=kc/kr (Rc/Rm)	

z=1,5;
•• pressure on outer surface of plunger	 p = 0 ; 

10 MPa; 20 MPa.

In work, it was assumed that plunger was 
made of one of variant according to Table 1 [1, 2 
11, 17]. In calculations, it was assumed that terms 
with index according to Table 1 for given mate‑
rial type. Accepted data above for plunger do not 
change because of conducting of easier compara‑
tive analysis. Three variants of temperature distri‑
bution were assumed. Temperature on outer sur‑
face of plunger was changed in range of 200°C–
300°C (cases 1–3). As it is easy to notice that on 
the basis of formulas (12) the highest values of 
stresses are for the maximal difference of tem‑
peratures and that is why, in this work, only full 
curves for case were shown Tb=300°C i Ta=150°C 
(case 1). For remaining two variants, only curves 
of equivalent stresses were shown according to 
hypotheses HMH and Burzynski.

Analysis of stress state of plunger for case p=0

At the beginning case of lack of pres‑
sure on outer surface was investigated 
(p=0, Fig. 8). I means that stresses (13) are 
equal correspondingly to:  0ˆ =rs ,  0ˆ =ts . 
In figures 9–16 curves of dependence of tempera‑
ture and stresses for case 1 were shown– where‑
as Tb=300°C and Ta=150°C. Number terms of 
curves correspond to terms of material variants 
(Table 1).

Assumed stress state causes that temperature 
distribution along plunger radius is identical for 
all 4 material variants (Fig. 9). Similar situation is 

Table 1. Material data for plunger 

Variants Material
E ν α E α Rm Rc z

GPa ‑ 10–6 K‑1 Pa/K MPa MPa ‑
1 CuAl10Fe5Ni5 [17] 110 0.34 16.2 1782 620 938 1.5
2 50 standard grey iron [2] 145 0.29 10.8 1566 362 1130 1.5
3 High silicon bronze A H‑01 [11] 105 0.346 18.0 1890 550 1.5
4 Ampcoloy A 89 beryllium cooper [1] 135 0.34 17.2 2322 740 1.5
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for axial stress  )(rzs  (Fig. 12) according to as‑
sumption. Tension radial stress  )(rrs  (Fig. 10) 
does not exceed 22 MPa for 4‑th variant of mate‑
rial, but on outer and inner surfaces of plunger 
are equal to 0 according to boundary conditions. 
Angular stress  )(rts  (Fig. 11) changes in range 
of ‑150<  )(rts <200 MPa, but for r=27,5 mm are 
equal to zero. On inner side, angular stress is ten‑
sion stress but on outer side – compression one. 
In the next two figures (Fig. 13 and 14), change 
of equivalent stresses is shown according to 
HMH and TAU hypotheses. Values of stresses 
are changing in range of 70<  )(rHMHs <250 MPa, 
70<  )(rTAUs <275 MPa, but lower values are ob‑
tained for HMH hypothesis. According to Burzyn‑
ski hypothesis, equivalent stress (Fig. 15) are in 
range of 50<  )(rBs <230 MPa and are lower than 
stress according to HMH (Fig. 13). The highest 
differences are for r>29 mm, but on outer sur‑
face for hypothesis Burzynski are at least lower. 
Equivalent stress for Mohr hypothesis (Fig. 16) 
are changing in range of 50<  )(rMs <250 MPa 
and are greater than stress obtained according to 
HMH hypothesis. Comparing equivalent stresses 
obtained according to HMH and maximal shear 
stress hypotheses on outer surface are greater 
than according to Burzynski and Mohr hypoth‑
eses. For all investigated cases the highest value 
of stress are obtained for material variant 4 and 
then 3 and 1, but the lowest for variant 2.

Equivalent stress on outer surface is greater 
than stress in short distance from the surface. The 
equivalent stress outside the plunger, that can 
name stress of outer top layer, decides on low‑cy‑
cled fatigue strength of this layer. Stress of the 

outer top layer decides on durability of the tube 
and its reliability. 

Consideration of all strength hypotheses 
should allow to more precise prediction of tribo‑
logic properties. 

In Figures 17–20 curves for two remaining 
variants of temperature are shown:
•• case 2 – Tb=250°C and Ta=150°C (Fig. 17, 

Fig. 18),
•• case 3 – Tb=200°C and Ta=150°C (Fig. 19, 

Fig. 20),
•• but axial principal stress is equal to ‑72 MPa.

Thermal, principal stresses  )(rrs  and  )(rts  
according to (12) are linear function of tem‑
perature difference ab TTT −=∆ . The sense 
of sentence above decided so that distributions 
compared to Fig.10 and 11 for case 1 corre‑
spondingly, are not presented. In Fig. 17 and 18, 
only distributions of equivalent stresses HMH 
and B are shown for case 2 and in Fig. 19 and 
20 stress distributions HMH and B for case 3.  
According to expectancy, equivalent stresses 
go down with temperature difference (com‑
pare Fig. 13,15 with Fig. 17,18 and with 
Fig. 19,20). For T∆ =100°C equivalent 
stress HMH (Fig. 17) they change in range of 
70 MPa<  )(rHMHs <185 MPa, but according 
to hypothesis Burzynski (Fig. 18) 50<  )(rBs
<165 MPa. For third variant T∆ =50°C equiva‑
lent stress changes in range of 70 MPa<  )(rHMHs
<185 MPa (Fig. 18) and 50<  )(rBs <165 MPa 
(Fig. 20). Stresses  )(rHMHs  (Fig. 19) and  )(rBs  
(Fig. 20) go down, but radius goes up and be‑
longs to range bra ≤≤  in opposite to curves in 
Fig. 13, 17 and Fig. 15, 18.

Fig. 9. Change of plunger temperature T along radius r for case 1
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Fig. 10. Change of radial stresses  )(rrs  for case 1

Fig. 11. Change for angular stresses  )(rts  for case 1

Fig. 12. Axial stresses  )(rzs  for case 1
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Fig. 13. Change of equivalent stresses  )(rHMHs  for case 1

Fig. 14. . Change of equivalent stresses  )(rTAUs  for case 1

Fig. 15. Change of equivalent stresses  )(rBs  for case 1
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Fig. 16. Change of equivalent stresses  )(rMs  for case 1

Fig. 17. Change of equivalent stress  )(rHMHs  for case 2

Fig. 18. Change of equivalent stress  )(rBs  for case 2 
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Obtained distributions of thermal‑mechanical 
stresses for various materials and temperature can 
be used for rational selection of plunger materials 
with desirable mechanical properties.

Analysis of stress state of plunger for case p≠0

Analysis of stress state in plunger during 
modelling of process of compression, that is for 
the case of acting pressure on outer surface of the 
plunger (Fig. 8), was conducted for: p=10 MPa 
and p=20 MPa. In curves, case of lack of pres‑
sure (p=0) is shown. In figures 21 and 22 curves 
of changing of equivalent stresses are shown, 
according to hypothesis: HMH  )(rHMHs  and 
Burzynski  )(rBs  only for case 1 when all load‑
ings are taken into consideration in chapter 3.1. 
Equivalent stress  )(rHMHs  (Fig. 21) on outer 
surface (r=b) are greater by assumed value of 

pressure p compared to the case p=0. On inner 
surface they cause reduction of equivalent stress‑
es about 60 MPa for cases p=20 MPa and p=0. 
Similarly, curves can observe for  )(rBs  (Fig. 22) 
with difference that on the outer surface stress 

 )(rBs  are lower by about 30 MPa than  )(rHMHs , 
and for inner surface by 20 MPa correspondingly.

CONCLUSIONS

In this work, analysis of stress state in plunger 
of casting machine with cold chamber was shown 
subjected to static mechanical and thermal sta‑
tionary. Four various materials of plunger and 
three cases of temperature were investigated. 
Obtained principal stresses in plunger allow to 
calculate equivalent stresses according to four 
strength hypotheses, including two that taking 

Fig. 19. Change of equivalent stress  )(rHMHs  for case 3 

Fig. 20. Change of equivalent stress  )(rBs  for case 3
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into account various mechanical parameters (ul‑
timate strength capacity) that deal with tension 
and compression. Analysis was supplemented by 
the case of acting of plunger on horizontal cham‑
ber of priming (tube) with die in the last process 
of casting. It allows to obtain more adequately 
equivalent stresses. It can allow on more rational 
selection of material on plunger of casting ma‑
chine, taking into account conditions during work 
of machine and greater durability and reliability.
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