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Residual Stress Analysis for Engine Block by the Grooving Method
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Abstract. The study of residual stress in engine block has the potential to provide the necessary
infrastructure for a wide range of scientific and technological developments concerning the
automobile industry. Such study can act as centre of excellence for scientific studies in the field of
materials science and machinery as well as for industrial applications. The basic principle of
measuring residual stress with grooving method and the main measuring steps were introduced in
this paper. Groove cutting in the internal surface of engine block surrounds a given area in which
the remaining stress is released, and then the strain results are recorded through strain gauge. The
residual stress test data were compared at different positions of each engine block. It is found that
engine blocks A and D on the sides of engine develop higher residual stresses than blocks B and C
in the centre of engine. The stresses can be higher than 200MPa in tension in engine block A,
depending on the geometry, size, microstructure, subsequent welding process, and cutting sequence.
In addition, residual stress at the bottom of engine is higher than that at the top because of the
structure of the engine. The residual stress is also calculated by numerical modeling method from
which it shown that the condition is commendably fit the results which the distribution of stress.

1. Introduction

With the current demands of reducing automobile weight for improving fuel efficiency, cast
aluminum are increasingly being used in automotive components including engine blocks, cylinder
heads, intake manifolds, brackets, housings, chassis, transmission parts, and suspension systems“].
As many of these applications involve cyclic loading, residual stress of the alloys are critical to their
success. Because of the existence of residual stress, there will be a great drop in the strength of
work piece occurred with defective workmanship like deformation and craze®!. On the other hand,
there is also change in dimensions of work piece and drop in mechanical properties such as fatigue
strength and stress corrosion!™. So this experiment is conducted on measuring remaining stresses
and analyzing influence factor made by it to make sure the security and reliability of cylinder.

Castings made from aluminum alloys suffer contractions from solidification ranging from 4 to
7% that can cause dimensional distortion, hot tearing, porosities and the development of residual
stresses'”. The main cause for residual stresses in castings is the difference in solidification and
cooling rates to which sections of different thickness are subjected; if the stresses are high enough
they can promote the failure of an otherwise healthy piece!®’. Residual stresses may be reduced or
eliminated by annealing, by plastic deformation or just by letting the piece at room temperature for
enough time'®.

Usually there are two ways of testing welding residual stress to be known as mechanical release
method and non-destructive method separately. The principle of the former is that using elasticity
theory to measure the position possessed residual stress and separated from the work piece by
machining operation, such as drill-hole method'”, cut emulated method™ and ring-core method™”.
Compare with the former, the residual stress is obtained by the change of physical property caused
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by stress putting on the work piece, for instance, x-ray diffraction method""" '), neutron diffraction
technique!'?!, magnetic method!"*! and ultrasonic method"*!. Considering the complex construction
inside the cylinder block, a special way to measure the stress is needed to solve the issue that
whether it could be operable appropriately.

Against this background, a new way called grooving method was used to characterize residual
stresses along inwall side of the cast engine block. The strains were measured both in top and
bottom of cylinder in hoop, radial and axial orientations. Certainly the stresses were subsequently
determined using generalized Hooke’s law. Strain gauges correlate the change in electric resistance

(R) of a metal deformed to a given value of strain (g)!':

dR
—=Se. 1
7 = 5e (1)

where S is the sensitivity of the gauge.

Using of aluminum has increased in automobiles to reduce weight and fuel consumption without
impairing performance or safety for the occupants. An example is the substitution grey iron engine
blocks by high performance aluminum alloys[16]. But cylinder liners in most engine blocks are of
wear resistant castings made from prelatic irons. In some cases the liners are cast-in and generate
residual stresses in the surrounding cylinder bridges[”].

2. Measuring method

2.1 principle of the grooving method

A way called grooving method is introduced to measure the remaining stress of cylinder.
Grooves cut on the internal work piece’s surface have surrounded a given area in which the
remaining stress is released.

The remaining stress on the work piece’s surface is oy, along x-direction and oy, alone
y-direction respectively. The corresponding strain &, and €, are given by:

Oy @)
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where E is elasticity modulus; and 4 is Poisson's ratio of material.

The second item on the left of formula (2) and (3) is additional strain made by removing working
stress which is perpendicular to axial direction of the groove. According to formula (2) and (3), the
residual stress o and 6, can be obtained by:

o =~ (e, +pe,). @
1-u ’
E
Gy:_l—yz (&, +UE,). (5)

Three pieces of rectangular gage are adopted for this test, as shown in Fig. 1, there are strains g,
g45 and gqy respectively corresponding to 0°, 45° and 90°. Principal stress are set as 6, and 6, (c,>
6y) , there are:

a0 15"

DIJ
Fig. 1 Three pieces of rectangular rosette
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3. Experimental process

3.1 Experimental materials

The cylinder material is A356 aluminum alloy which composition is shown in table 1. Due to the
requirement of service performance the cast-iron HT250, as shown in table 2, is chosen as the
material of cylinder sleeve which is fixed in aluminum alloy cylinder during the forming process.
The physical dimension of aluminum alloy cylinder is 534mm in length, 389mm in width and
386mm in height. The maximum wall thickness of casting is about 20mm, on the contrary, the
minimum thickness is about 4mm. the average wall thickness is about 8mm. It is a complex thick
wall thickness casting. Its thermal conduction has an important effect on forming process and the
quality of cast-parts[lg].

Table 1 Composition of A356 aluminum alloy(w¢%)

Trace

Si Mg Cu Mn Fe Zn Ti Al
elements
each<0.15 .
6.5~7.5 0.3 <0.20 <0.10 <0.20 <0.10 <0.20 total<0. 15 margin
Table 2 Composition of cast iron HT250(wt%)
C Si Mn Gu P S Fe
3.00~3.50 2.20~2.80 0.50~1.00 0.20~0.50 0.10~0.40 0.06~0.12 Margin

3.2 Experimental method
Planer tool is used for grooving inside the cylinder block, and the following points are the
reference of opting measuring point’s position:

(1) Operability and measurability;

(2) The possibly maximum residual stress at the casting solidification process;
(3) The maximum operating stress of finite element analysis;

(4) Parts of the fault location when process engine test and site test;

(5) Junction of cross section in heavy castings;

(6) The maximum cold forming position;

(7) Surface stress of machining area after process;

(8) Positions that customer special requests.

Cylinder and measuring point’s number are shown in Fig. 2. Four measuring points according to
the above principle are chosen in each cylinder. Two points of them are located near the machining
face. The other two points are laid in the bottom of cylinder. There are totally sixteen points shown
below as Figs. 3 and 4.
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Fig. 2 Cylinder sketch and the measuring points

Fig. 3 Measuring points near top plane Fig. 4 Measuring points at bottom plane

Strain gage is protected by silica gel before grooving as shown in Fig. 5. The cylinder is grooved
by triangle tool bit as presented in Fig. 6.

-, {
Fig. 5 Strain gage protected by silica gel Fig. 6. Grooving with triangle tool bit

There are totally sixteen grooves in this experiment, which can be seen in Fig. 7.
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4. Analysis of measuring result

4.1 Stress analysis

The maximum residual main stress Gy 1S the major factor leading to structural damage. So a lot
of work was unfolded to research and analyze work piece’s omax at different measuring position.
Testing results are shown in Table 1. Measuring result is contrasted from Fig. 8 and 10.

The number of residual stress in each side of top or bottom has decreased gradually in first three
cylinders. Oppositely, this trend was moved towards the contrary direction: There is a rapid increase
in the number of residual stress in cylinder D. The maximum value of the stress which obtained at
the bottom of first groove in cylinder A achieves 264 MPa. Because the stress test in the bottom of
the cylinder block is characterized for not being destructive by machining, the residual stress
measured at bottom is greater than at top of the same cylinder A, as well as in the other cylinder.

Testng pontsattop plne Testing pontsatbotiom plne
160 T T T T 300 T T T T
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Fig. 8 Maximum main stress of measuring points

The maximum main stress at bottom testing points are considerably larger than that near the
machined face in cylinder A which has the biggest difference for 167MPa at the same grooving
position. It can be observed that the date of residual stresses at top plane is small than bottom plane
with the exception of point 7, which corresponds to the last place for grooving destroy with the high
degree of stress releasing. Measure points at top plane are totally smaller than points at bottom
plane except for point 7. This phenomenon can be explained from the views of casting stress,
microstructure and subsequent process. Firstly, the total solidification times of cylinder were 85s!'.
During this times, the solidification is firstly taken at the thin-wall thickness place of cylinder and
its top, and then from the core of cylinder to its bottom, finally riser tube and runner. According to
the way of progressive solidification, the effect of casting process leaded mould filling pouring
from down to up, which bring about the temperature field cooling from down to top plane. Melt at
top plane was solidified early and has good potential in ability of mold filling. After the middle of
solidification stress at bottom side started to rise, this is largely because of limit of solidified metal
at top of cylinder and the concretionary riser. Secondly, extensive metallographic indicated a
significant refinement in microstructure at the top of the cylinder relative to the bottom!”. This
suggested an increase in alloy yield strength at the top of the cylinder relative to the bottom. In
contrast, the coarse microstructure at the top of the cylinder likely resulted in a lower yield strength
which allowed the residual stresses to exceed this yield strength. For this reason, stress relief was
likely triggered more effectively at the top of the cylinder. Thirdly, Analysis supports that the stress
on the surface has been released after machining, compared with bottom of cylinder where it with
none machining process. As a result, the stress could be remained originally.
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Fig. 9 Residual stress contesting at each end of cylinder

As shown in Fig. 9. It can be found that there are large stresses in cylinder A and D from the
measurement results. omax Of testing points 1-1, 2-1 and 3-1 in cylinder A exceeds 200MPa. There
are also two reasons to explain this phenomenon. First of all, the cylinder internal is under pressure
while the external side is under tension in the early time of solidification. In fact, external surface of
aluminum ingots was under huge cold shock at early solidification process. Due to the thermal
resistance of aluminum ingots, temperature at internal of aluminum ingots does not change. So the
distribution of stresses is characterized by pressure inside and tension outside. But this phenomenon
will develop to the opposite direction due to factors such as stress concentration. The biggest tensile
stress is appeared in corner of aluminum ingots. Secondly, analysis suggests that the first groove is
made in cylinder A which has large rigidity and restraint intensity due to little damage in the
cylinder. Consequently, the great stress released from the groove. Cylinder D which is a last part
that damaged by grooving releases larger stresses. That is why stress in cylinder A and D is larger
than cylinder B and C.

5. Conclusion

In order to measure the residual stresses in fabric composite engine block whose material
properties are heavily dependent on the relative location, a new measured method was devised. The
residual stresses in fabric cylinder grooving method. From the comparison of the measured residual
stresses with the thermal residual stresses calculated by numerical modeling, it was found that the
new simple method estimated the residual stresses pretty well. Another advantage of the new
method was that it was better than other methods like hole drilling method and sectioning method
which is not convenient to use in the cylindrical work piece.

The observed variation in residual stress from top to bottom along the cylinder was likely the
result of the mould geometry and cooling rate discrepancies during casting. Extensive
metallographic indicated a significant refinement in microstructure at the bottom of the cylinder
relative to the top, which occurred due to increased cooling rate at the bottom of the cylinder. In
turn, this suggested an increase in alloy yield strength at the bottom of the cylinder relative to the
top. This increased yield strength at the bottom of the cylinder likely reduced the susceptibility of
the cylinder to rapid relief of residual stress at elevated temperature.

Values of stress in engine block were found to exceed the yield stress and approach its ultimate
tensile strength. This suggested that a high build up of stress in the block, which may lead to
dimensional distortion. Further investigation is warranted to characterize the residual stresses in the
engine block following the T7 heat treatment process. The impact of variations in casting practice
on grain size and stress level is envisaged for future studies.
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