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Abstract

Significant residual stresses are often generated during the manufacturing of cast Al-Si alloy engine blocks due to differential
cooling rates, the mismatch in the thermo-physical properties of adjacent materials in direct contact and volumetric changes
caused by solid-state phase transformations during cooling. These may be modified during heat treatment and operation.
These residual stresses may lead to distortion (affecting performance and economy) or premature failure of the engine block.
For this reason, it is of fundamental importance to have reliable numerical and experimental methods for characterizing the
residual stresses in the engine blocks at several steps during the manufacturing process. Sectioning and neutron diffraction
techniques have been widely used to determine the residual stresses in the engine blocks. Numerical techniques have been
developed to predict these residual stress but require experimental validation. The authors reviewed several numerical and
experimental studies of residual stress evolution in engine blocks and showed how the residual stresses, microstructures,
and mechanical properties are correlated.

Keywords Residual stress - Engine block - Neutron diffraction - Aluminum casting,- Finite element Modelling - Heat
treatment - Sectioning technique

1 Introduction importance, residual stresses are often underestimated or

overlooked in the engineering components as they occur in

Residual stresses, by definition, are “self-balancing” and
“locked-in” stresses that remain in the material and struc-
tures after processing or manufacture in the absence of
external forces. Residual stresses are often generated during
manufacturing (particularly casting, welding, and forming)
and can also occur during service. Residual stresses can sig-
nificantly affect the dimensional stability, material strength,
and fatigue life of major structural components such as air-
planes, bridges, and ships [1-3]. Despite their fundamental
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the absence of any external loads. Mechanisms for generat-
ing residual stresses include non-uniform plastic deforma-
tion, which occurs in forming processes (such as forging and
rolling), surface modification (i.e., grinding or shot peen-
ing), from thermal stresses from large thermal gradients
(e.g., welding, casting) [4-7], or from thermal expansion
mismatch between materials (such as gray cast iron cylinder
liner with flake graphite cast into an Al-Si engine block).
For cast components, in general, residual stresses can
be generated during the solidification of molten alloy and
subsequent cooling process mainly due to the temperature
gradients between different parts of casting, the different
thermal expansion of adjacent components, or a restrained
mold or liner imposing mechanical loads during the shrink-
age of the cast material [§—10]. For the engine blocks, which
are the focus of this paper, the development of residual stress
is mainly due to thermal gradients caused by differences in
cooling rates that occur during the casting operation and a
mismatch in the coefficient of thermal expansion (CTE) in
multi-material engine blocks produced with Al-Si alloys and
gray cast-iron liners [11, 12]. The difference in cooling rate
can occur due to several factors, including complex casting
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geometry, thickness variation, and localized placement of
chills in the casting setup [13, 14]. The magnitude of tensile
residual stress may surpass the yield strength of the mate-
rial and lead to distortion, particularly in cylinder bores,
and increase the susceptibility of cracking during operation,
where it is exposed to fatigue and elevated temperature.
Therefore, residual stress measurement in the engine blocks,
which operate under high applied thermo-mechanical load-
ing, is of fundamental importance.

During casting, heat flow from thicker sections is slower
and may lead to thermal mismatch stresses, void formation
in the thickest sections, and possibly segregation of the alloy
composition. Cast-in iron liners (typically of gray cast iron
with flake graphite) lead to significant stresses as the coef-
ficient of thermal expansion of the Al is ~ twice that of Fe.
The stresses develop when cooling from the temperature
where the yield strength of Al exceeds the thermal mismatch
stress down to room temp. Generally, there is a thicker sec-
tion of Al than of the Fe, so there will be high compressive
stresses in the gray cast iron liner and lower tensile stresses
in the Al-Si alloy in the cylinder bridge.

The thickest sections in the Al-Si alloy have two problems.
Tri-axial tensile stresses can be high without yielding (they
can go above yield), which can lead to fracture. Also, thicker
sections are the last to freeze during casting, and most cast-
ing defects will occur here. The only saving grace is that, due
to the thicker section, the imposed stresses tend to be lower.

There are several experimental and numerical methods
for evaluating residual stress in cast components, particu-
larly engine blocks. The numerical techniques all require
extensive material testing across a range of temperatures,
extensive modelling, and measurement to find the correct
temperature history across the model, and these residual
stress predictions then require validation from experimen-
tal measurements.

Experimental measurement techniques are broadly cat-
egorized into destructive (i.e., hole drilling, indentation, and
sectioning techniques) and non-destructive methods (e.g.,
and neutron or X-ray diffraction) [15]

In destructive methods, the specimen is drilled or cut
mechanically to measure the strain due to the stress-relaxa-
tion generated in the component upon the material removal
[16]. In contrast, non-destructive methods (diffraction tech-
niques) are based on the Bragg’s law to measure residual
stresses from the changes in the interplanar spacing of the
restrained (stressed) and non-restrained (stress-free) sam-
ples. The processing and chemical composition of the stress-
free sample must be identical to those of the stressed one
[17-19] but is cut from an identical component, where the
cutting removes the restraint and thus removes the resid-
ual stress. In this case, the lattice plane acts as a built-in
strain gauge inside materials, by comparing the stressed and
stress-free samples. These non-destructive methods are ideal
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candidates for the residual stress measurements as they are
able to measure the stress state of the material at a number
of internal positions in contrast to destructive, cutting/sec-
tioning techniques which are typically limited in where the
stress is assessed.

It is important to highlight that long-range macroscopic
stresses (referred to as type I stresses) are measured in the
engine block by these measurement techniques (types II and
III are stresses which arise from grain-to-grain anisotropy
or sub-grain-scale stresses arising from defects, precipitates,
and dislocations [20]). The sampling gauge volume is consid-
erably larger than the grain size, typically covering thousands
of individual grains, so only type I macro stress is measured.

In addition to experimental techniques, numerical mod-
elling employing finite element methods (FEM) are viable
tools for predicting and analyzing residual stress generation
during the manufacturing process of cast powertrain compo-
nents like engine blocks and cylinder heads [11, 21]. Early
assessment of the residual stresses at the design stage (prior
to mass production) enables engine developers and manu-
facturers to determine resistance to deformation or cracking
after considering the combined effects of both residual stress
and in-service operating stress. The design and/or manu-
facturing of engine block can be optimized accordingly in
cases where high residual stress exists [22, 23]. Therefore,
the detrimental effects of residual stresses in internal com-
bustion engines (ICEs) will be alleviated, resulting in more
efficient and environmentally friendly vehicles.

This report focuses on the experimental and numerical
residual stress measurements in engine blocks. In this paper,
the authors summarize:

(i) The theoretical basis of destructive measurements
(i.e., cutting or slitting) to measure residual stresses
in the engine block with the focus on macroscopic or
type I residual stress

(i) The theoretical basis of neutron diffraction measure-
ments to measure residual stresses in the engine block
with the focus on macroscopic or type I residual stress

(iii)) A survey of experimental methods (neutron diffrac-
tion and sectioning technique) on residual stress
measurements in engine blocks

(iv) The theoretical basis of numerical modelling with con-
ducted research on the prediction of residual stresses
in casting (benchmark studies) and engine blocks

2 Experimental measurement techniques

2.1 Destructive technique

The destructive techniques are called stress-relaxing meth-
ods, which measure the micro distortion due to the release of
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the residual stress generated in the material upon its removal
[1]. Measuring the macroscopic strains by removal of the
material (e.g., cut, drilled, or bored) from a specimen with
residual stresses is the basis of any destructive technique
used to measure the residual stress. There are several well-
established destructive methods to measure the residual
stresses, including sectioning [24], the contour method
[25], curvature measurements [26], hole drilling [27], crack
compliance [28], and ring core methods [29]. Only the sec-
tioning technique will be discussed in this paper as there
are limitations with other destructive techniques to quantify
residual stresses in engine blocks with complex geometries.

2.1.1 Sectioning technique

The sectioning method is a fully destructive test that involves
cutting a component with strain gauges attached to quantify
the residual stresses. The sectioning technique is simple and
cost-efficient and can be applied to most alloys and metals.
In this method, strain gauges are attached to the surface of
the component which detect the displacement that results
from stresses released during cutting. The cutting can be
done by milling [30], wire cutting [31], or band sawing [32]
to ensure that the residual stresses in the specimen relax
completely [6]. The cutting process should be done with-
out introducing any heat or plastic deformation, so that an
accurate measurement of residual stress/strain can be made
without any plasticity effects [10]. Unlike neutron diffrac-
tion, this technique can only show local stresses in the direc-
tion of the strain gauge.

Mechanical characterization of residual stresses in the
sectioning technique is dependent on the strain gauges
used for measuring the deformation caused by the relaxa-
tion of residual stresses. Depending on the application,
different types of strain gauges can be used (i.e., uniaxial,
bi-axial, or tri-axial strain gauges), enabling strain meas-
urements in different directions. Strain gauges measure
the deformation of the material through the changes

encountered in their electrical resistance. The strain meas-
urements can be done in the microstrain scales, which
induce tiny changes in the strain gauge resistance. There-
fore, an accurate determination of electrical resistance
is required for the precise strain measurements. For that
purpose, a Wheatstone bridge is utilized to magnify the
strain gauge electrical resistance. The Wheatstone bridge
is an electrical circuit containing a voltage excitation (V,,)
and four resistances, as shown in Figure 1 [33]. When
all resistances are equal, the voltage output (V,) will be
zero, and the bridge is said to be balanced. Any changes in
resistance in any arm of the bridge will result in a non-zero
output voltage, according to Eq. (1):

Vo =V, (RR; —RRy)/(R; + R )R + Ry) €h)

The output voltage (V,) is characteristic of the deforma-
tion. Each strain gauge needs to be included in a Wheat-
stone bridge. As mentioned before, the strains expected
from sectioning are very small and cannot be measured
with sufficient accuracy using conventional industrial
equipment. A specialized data acquisition system is, there-
fore, required where each strain gauge is connected to a
Wheatstone bridge circuit with three control gauges.

The strain gauges need to be applied carefully on
cleaned metal, as described in [22].

2.1.2 Applications of sectioning technique to measure
residual strains/stresses in engine block

Kianfar et al. [32] utilized the sectioning method to inves-
tigate the effects of the high-pressure die casting (HPDC)
process on the residual stress evolution of an inline-4 (I14)
Al-Si alloy engine block with cast-in gray cast iron liners
with flake graphite in conjunction with microstructural and
mechanical properties studies. Figure 2 shows the strain
gauges mounted at different locations of the engine block in
the hoop and axial directions with the summary of measured
residual strains (ue) for each location of interest in the Al

(b)

Fig. 1 Operating principle of strain gauges, a change in length changes the resistance, b Quarter Wheatstone bridge [84], ¢ an applied strain

gauge for the sectioning method [33]
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cylinder bridge (CB) and gray cast iron liner. Compressive
residual stress of 450 MPa was measured in the axial direc-
tion of the gray cast iron liner, balanced by lower tensile
residual stresses in the Al CB, which was equivalent to about
70% of the alloy’s yield strength (the yield strength of the
Al-Si alloy at the top of the CB was 212 MPa). There were
variations in the engine block’s mechanical properties along
the CB, with the higher yield and tensile strength at the top
of the cylinder compared to the base. The yield and tensile
strength at the top of the cylinder were 15% and 8% greater
than at the base, respectively. Such changes were associ-
ated with the higher cooling rate experienced at the top of
the cylinder confirmed by the metallographic analysis (the
degree of microstructural refinement was found to be higher
at the top as compared to the bottom).

Fig.2 The strain gauge loca-
tions in a the gray cast iron
liners with flake graphite, b the
bottom of the bridges, and ¢ a
summary of measured strain
(ue) for the locations of interest
in the cylinder bridge of Al-Si R —
alloy part and gray cast iron Cylinder4-Bridge3
liner [32] Top

ICylinderd-Bridge3
Bottom

ICylinder4-Bridge3
Middle

(Cylinder3-Bridge2
Bottom

ICylinder3-Bridge2
Middle

(Cylinder3-Bridge2

Mohammed et al. [34] utilized the sectioning technique to
measure the evolution of residual strain and stress in 14 sand-
cast Al-Si (319, Al-Si—Cu alloy) engine blocks subjected to
different heat treatment conditions. The heat treatments were
initiated with solution heat treatment followed by quench-
ing in a different media (warm and cold-water quenching)
and sub-zero cooling to —30 °C. The engine block was then
aged applying T6 and T7 aging treatments. Residual stress
measurements were conducted in different heat treatment
phases, as shown in Figure 3.

The cutting sequence as well as the experimental setup for
the residual stress measurements is represented in Figure 4.

A substantial reduction in the magnitude of tensile
residual stresses was observed after solution heat treatment,
quenching, and sub-zero treatment (i.e., from 105 MPa in the
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as-cast state to 52 Mpa after the cryogenic treatment). Also,
further stress relief was observed after cyclic freezing, while
freezing time had no significant effect on stress relief. The
freezing condition effects with different quenching rates are
shown in Figure 5.

Similar to previous observations [35-38], the aging tem-
perature was found to be a controlling parameter in residual
stress relaxation (T7 aging treatment at 250 °C mitigates
the residual stresses substantially compared to T6 aging at
a temperature of 170 °C with no significant stress relieving
effects). This could be attributed to the precipitate coarsen-
ing and coherency loss but is likely to be dislocation creep
at higher temperatures [34].

Carrera et al. [12] measured the residual stresses in
sand-cast engine blocks using the sectioning method with
mounted strain gauges. Tensile residual stresses (~150 Mpa)
were found in the cylinder bridge of the Al-Si alloy engine
block with gray cast iron liners (cast-in), while the engine
blocks without liners exhibited compressive stresses of 20
Mpa in the CB. It was observed that the residual stresses
were affected by the engine block dimensions and, particu-
larly, the cylinder bridge thickness, where residual stresses
decrease as the thickness increases. Higher residual stresses
were found in the V8 engine blocks compared with the
14 blocks with similar wall thickness. These observations

correlate well with the numerical results of Su et al. [11],
who utilized strain gauges to measure the residual stresses
and validate the FEM results. It was found that the cylinder
bridge is the most critical location in an Al-Si alloy engine
block containing a gray cast iron liner with respect to the
residual stress magnitude [12]. This is mainly because the
contraction/expansion of the Al material in the cylinder
bridge area is restricted by two adjacent liners, increasing
residual stress [11, 12].

Aguilar-Navarro et al. [22] utilized both sectioning and
indentation techniques with a strain gauge to measure resid-
ual stresses along the bridge in a V8 engine block. In the
indentation technique, a pair of indentation marks was made
by a gauge punch in the study section which is followed
by a cutting process, as shown in Figure 6. The strain can
then be calculated through the difference between inden-
tation distance before and after stress relief by the cutting
process. A comparative analysis was conducted between
the two methods; the difference between the methods was
3.9%, which indicates the effectiveness of the indentation
technique for residual stress measurements in complex areas
(residual stresses of 69.94 MPa and 67.21 MPa were found
by the strain gauge and indentation techniques respectively).

The sectioning method has proven to be accurate and eco-
nomical specifically for the relatively small wall thickness

Fig. 3 Different steps involved 650 X
; . Solution Heat
with the heat treatment with
. . . Treatment (SHT)
their corresponding residual 500
stress measurements [34]
&
o 350 Aging Treatment
=
=
= . .
g 200 Cryogenic period
% Phase 3
= 50
Reheating by
Phase 2 water at 60°C
-30 - em =
Time

Fig.4 The experimental set up
and cutting sequence a before
sectioning and b after section-
ing for strain measurement
using the sectioning technique
[34]

(a) (b)
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Fig.6 Schematic diagram of indentation marks before (g,) and after (g,) stress relieving by the cutting process [22]

structures (i.e., the Al-Si alloy part of CB or the gray cast
iron liner ) if proper care is taken for specimen preparation
and measurement procedure [16, 39, 40].

The destructive techniques which involved slitting gave
residual stress measurements in limited locations only,
unlike neutron diffraction. The technique was able to meas-
ure stresses in different materials (Al-Si alloy and gray cast
iron liner) which is not possible with neutron diffraction
without changing the wavelength/energy of the incom-
ing neutron beam. The slitting technique is also a useful
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confirmation of more detailed neutron techniques and of
numerical techniques.

2.2 Non-destructive residual stress measurements
(neutron diffraction techniques)

2.2.1 Background and theoretical basis

Neutron diffraction (ND) is a non-destructive technique for
measuring residual stresses in many situations, including
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engineering components with +50x10~® accuracy in strain
with > 0.1 mm spatial resolution [19, 41-44]. ND uti-
lizes neutrons generated by fission or spallation processes
at nuclear research facilities. The neutrons in both cases
need to be moderated (using heavy water) and bring their
energy levels to the thermal range; this allows the combi-
nation of wavelength (which is equivalent to the neutron’s
energy) and the inter-planar spacing of the metal to define
a scattering angle which is convenient for experimental use
in steady-state research reactors where nuclear fission pro-
duces continuous neutron beams, as shown in Figure 7a;
the neutron beam needs to be of a single wavelength (or
energy) which is achieved by the placing a single crystal
monochromator in the beam path to only diffract neutrons
of a specified wavelength. The neutron beam with the spe-
cific wavelength (monochromated beam) is then defined
to project in a specific direction by slits and a collimator.
The beam from the collimator is then used as the incident
beam in the ND experiment.

An alternative method of producing neutrons is spalla-
tion which is based on nuclear reactions that occur when
high-energy subatomic particles (for example, protons or
neutrons) interact with an atomic nucleus. Short pulses of
neutrons are then produced by periodic bombardment of
an atomic nucleus by high energy particles, the neutrons
have a spread of wavelengths that arrive at the sample

over a short period of time, as can be seen in Figure 7b—d
[18, 45—47]. The neutron energy and therefore wavelength
can be determined on detection from the traveling dis-
tance and the time-of-flight (TOF). TOF measurements
are, therefore, energy-dispersive, with the entire diffraction
pattern recorded at any particular scattering angle. Utiliz-
ing a pulsed beam source with the simultaneous observa-
tion of multiple peaks also enables studying the texture,
phase change, and in situ deformation behavior in many
polycrystalline materials [45] as well as allowing stress
measurements in two directions simultaneously. None of
the papers in this review used a spallation source, but this
technique is regularly used for residual stress measure-
ment of engineering components and is suitable for use
on engine blocks.

2.2.2 Theoretical background

The principle of ND for the residual strains/stresses meas-
urement is based on Bragg’s law:

nA=2d sin 0 2)

where # is the diffraction order, 4 is the wavelength of the
incident neutron beam, d is the spacing between two adja-
cent atomic planes within the crystal structure of the mate-
rial, and the scattering angle, 26, is the diffraction angle

(a)

target
nucleus

fission
@ product

A
neutron ) —* *
ﬁ fission
product

) neutron

) neutron

) neutron

(b) () (d)

Fig. 7 The fission process (a) and spallation process showing the col-
lision of pulse energetic protons (pink) with a tungsten nucleus (b)
which causes the nucleus to release neutrons at different energy lev-

els as shown by different colors (¢) and neutrons traveling in specific
direction along a beamline (d) [48, 49]
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[17, 50]. The constructive interference occurs at specific
scattering angles (28) where the path length difference of
two incident neutron beams is an integer multiple of the
wavelengths [47, 51], as described by Bragg’s Law and illus-
trated in Figure 8.

The d-spacing (lattice spacing) can then be measured in
the perpendicular direction to the lattice planes in a scat-
tering volume, in the direction of the scattering vector, as
shown in Figure 9. Figure 10 shows the positioning of the
engine block to allow the scattering vector to be in the radial
direction relative to the cylinder bore (d-spacing measure-
ment in the radial direction of the engine block). As men-
tioned earlier, nuclear research reactors utilize a continuous
monochromatic neutron beam with a fixed and known wave-
length. ND measurement gives the d-spacing dy,, changes as
a function of 26,;, (Eq. (2)). Despite similarities in the fun-
damental principles of the X-ray and other diffraction tech-
niques, neutron diffraction has the unique advantage of being

Fig.8 Constructive interference
occurs when the path length dif-
ference of two incident neutron
beams from adjacent scatter-
ing planes are in phase with
each other, and the path length
difference of diffracted rays is
an integer multiple of the wave-
length. The figure shows the
extra distance traveled by the
wave scattered from the Scatter-
ing Plane 2, which is defined by
the Bragg Law [52]

Scattering Plane 1

Scattering Plane 2
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able to penetrate several centimeters through the thickness of
most of the alloys and metals (by interacting with the atomic
nuclei rather than the electron cloud [51]), enabling stress
measurements in the bulk of the components to a depth of 5
cm or more in Al-Si alloy part of the engine block.

For a pulsed neutron beam (white beam from a spal-
lation source), the diffraction angle 2 0 ,, is fixed, and
the beam wavelength is determined based on the traveling
distance and the arrival time (t) of neutrons at the detec-
tors. Figure 9b shows the TOF technique, which utilizes
the elapsed time (t) for the neutron beam traveling from
a source to a detector. As a result, the distinct peaks can
be measured in a whole range of d-spacings and separate
responses of each (hkl) orientation among grains with
their plane normal parallel to the diffraction vector Q
(Figure 9b). By utilizing the least squares Gaussian fitting
method (Figure 11a), the single peak (d,;,) of the continu-
ous beam diffraction can be obtained from a reactor based

Q Reflected Beam

Incident Beam

—Q ——>]

0\,\\‘3 P )
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Q o) / Detector : i
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4 Table Table

Fig.9 Schematic of a reactor-based (constant flux) neutron diffraction spectrometer and (b) time-of-flight instrument at the spallation neutron
source [53]

Fig. 10 Orientation of incident
(A) and scattering beam (B) in
the measurement of residual
strain in the direction of scatter-
ing vector (Q) in engine block;
a virtual model of the sample
and test simulation and b actual
positioning of the engine block
on the sample table [54]

(a) 100 (1) 120 oo

e Observed
Calculated | 100 n x  Observed

=3
o
o

@ » ! Calculated
3 € g
g 600 3
p o
o c 60
g 40 S
= 200 2
20
0 s; - 295 oL y : A . : - .
88 S 8 9. % 006 008 01 012 014 016 018 0.2

26 (deg.) d-spacing (nm)

Fig. 11 Example of a Gaussian distribution fitted for the brag peak from reactor-based diffractometer and b diffraction spectrum pulsed neutron
beam fitted with Rietveld refinements [45, 46]

instrument, while Rietveld refinement method is used to  planes in a particular material direction. Figure 11b shows
analyze the full peak pattern of the pulsed neutron beam,  a typical diffraction spectrum from a pulsed neutron beam
which is diffracted from various crystallographic lattice  instrument and the result of a Rietveld profile analysis.
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By using the “peak shift” method, the lattice strain can
be calculated by measuring lattice spacing for both stressed
sample (d},;;) and stress-free or unstrained sample (d,,, o) of
the same chemical composition (Eq. 3).

dhkl - dhkl,O

3

Ent =
)

The generalized Hooke’s law (Eq. 4) is then utilized to
convert three orientations of elastic strain (i.e., €y, €,, &)
into principal residual stresses (o, 6y, 04)

ORHA = £ Epuat L(“5R tey +5H)] )
’ 14+o0l ™ 1-2v

2.2.3 Applications of neutron diffraction in residual stress
measurements for engine blocks

Neutron diffraction has been utilized extensively for the
characterization of the residual stresses at different steps
during the manufacturing process (i.e., as-cast, heat-treated,
etc.) of engine blocks.
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A study conducted by Sediako et al. [43, 55] utilized ND
to characterize the residual stress in the cylinder web region
for a sand-cast V6 Al-Si alloy engine block manufactured
with gray cast iron liners with flake graphite. The results
indicated that a high magnitude of tensile residual stresses
was present in both the gray cast iron liners (~180 MPa)
and Al-Si alloy (~200 MPa, higher than the yield strength
of Al). Microstructural analysis revealed some variations in
the cooling rate along the cylinder depth. A higher cooling
rate was observed at the bottom of the cylinder, compared
with the top, which led to a more refined grain structure
(refinement of Al,Cu, Al,;5;(Mn,Fe)3Si,, and eutectic sili-
con) as well as more globular and uniform distribution of
second-phase particles resulting in increased hardness for
this region. The result obtained by neutron diffraction was
in agreement with the hardness and microstructural analysis,
where a lower magnitude of residual stress in all directions
was observed at the top of the cylinder corresponding to the
lower cooling rate and coarsened microstructure. The resid-
ual stresses measured in [43] led to the conclusion that the
stresses may induce permanent dimensional distortion in the
engine block, which is detrimental to the engine operating
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1 Stress
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(d)

Fig. 12 Residual stress profiles for the aluminum cylinder bridge (a, b) and gray cast iron cylinder liners (¢, d) of the undistorted and distorted

engine block [56]

@ Springer



The International Journal of Advanced Manufacturing Technology

Strip
Heaters

C 10 1C9/
C6 13
TC8 \TC 7/ nrc 4/
TC1
1Cs TC2
(b) :

Fig. 13 Experimental setup including a coil and strip heaters used for heat treatment of the engine blocks, b sketch of thermocouple locations for

monitoring engine temperature during heat treatment [36]

efficiency, increased carbon emission, and high operation
cost (i.e., extensive and expensive recalls) in consequences.

Lombardi et al. [56] carried out a comprehensive investi-
gation, including residual stress, mechanical properties, and
microstructure characterization for distorted and undistorted
cast Al-Si alloy engine blocks to identify the cause of distor-
tion along the cylinder bores. A high tensile residual stress
was found in the Al-Si alloy in the distorted engine block,
particularly in the hoop direction, with a magnitude of 170
MPa (Figure 12b). The magnitude of tensile residual stress
accounts for more than 80% of the alloy’s available strength,
and once in service, the operating conditions superimpose
on the existing stresses, and the engine block may endure
permanent dimensional distortion or cracking. This distor-
tion or cracking can result in reduced engine efficiency,
increased carbon emission, and/or complete engine break
down.

Furthermore, non-uniform distortion was found in the
distorted engine block, which was associated with the differ-
ential cooling rates, shown by microstructural changes in the
cylinder (coarse and fine microstructure was found from top
to bottom of the cylinder). For instance, the low magnitude
of distortion measured at the top of the cylinder (the region
with coarse microstructures and lower strength) was caused
by lower residual stresses in all three directions, which pre-
vents plastic deformation and minimizes creep deformation
during service. Both the distorted and undistorted engine
blocks contained coarse primary Al dendrites and secondary
phase particles (eutectic Si, Al;,(Fe,Mn),Si,, AlsMgsCu,Si,
and Al,Cu) at the top of the cylinder, while the bottom of
the cylinder contained significantly refined Al dendrites and
secondary phase particles. Furthermore, there were no dif-
ferences in shape, size, and distribution of the volume frac-
tion of the secondary phase, which contained fully stabilized
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h-Al,Cu age-hardening precipitates. The thermally stable
microstructure indicated that distortion was not caused by
thermal grain growth.

A relatively constant residual stress profile for the undis-
torted block was found with the highly compressive residual
stresses in the axial and radial orientations (Figure 12a). The
compressive axial stress in the undistorted engine block var-
ied between 50 and 70 MPa along the cylinder bridge while
the radial stress varied between 80 and 120 MPa. In the hoop
direction, in contrast, compressive residual stress was found
near the top of the cylinder with a magnitude of approxi-
mately 10 MPa which gradually becomes tensile near the
bottom of the cylinder bridge with the magnitude of approxi-
mately 20 MPa. Similarly, the compressive residual stresses
were found along the gray cast iron liners of both undistorted
and distorted engine blocks. In the undistorted engine block,
the compressive stress in the axial direction varied from 150
MPa near the top to approximately 210 MPa near the bottom
of the cylinder liner. Compressive hoop stress with a mag-
nitude of approximately 175 MPa was found in the middle
of the cylinder while the top and bottom of the cylinder
experienced a magnitude of 200 MPa.

The residual stresses were compressive along the gray
cast iron liners of the distorted and undistorted engine blocks
(Figure 12 c and d). The undistorted engine block had a
compressive radial stress that was 30 MPa at the top of the
cylinder and gradually increased to 50 MPa at the bottom
of the cylinder. In addition, the axial stress varied from 150
MPa near the top of the cylinder liner to approximately 210
MPa near the bottom. Similarly, the compressive hoop stress
had a magnitude of 200 MPa near the top and bottom of the
cylinder, while the middle of the cylinder had a magnitude
of approximately 175 MPa.

Different post-processing techniques, such as solution
heat treatment (SHT) and artificial aging, were utilized
to mitigate the high tensile residual stresses in the engine
blocks [57, 58]. The use of neutron diffraction to measure
residual stresses prior to, during, and after heat treatment of

(a) 250
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_ 150 + Stress
&
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4
S50 4
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o

i
<)

0 20 40 60 80 100 120

Top Cylinder Location (mm) Bottom

the engine blocks was the subject of several experimental
studies.

Lombardi et al. [23, 36] utilized in situ ND to evaluate the
relaxation of residual strains in the cylinder bridge as a func-
tion of time during SHT. Ex situ ND was also performed to
evaluate residual stresses before and after solution heat treat-
ment. In addition, the stress-free interplanar spacing (d0)
was also measured as a function of time during heat treat-
ment to correct for thermal expansion and phase dissolution.
The engine blocks the production T4 heat treatment (SHT at
470 °C for 7.5 h, followed by forced air cooling) were also
analyzed to investigate the thermal gradient effects induced
by air quenching on the residual stress profiles.

They designed a unique heating system including coiled
tubular heaters in the bore cylinders and strip heaters in the
front and side of the engine block, as shown in Figure 13.

The study used a monochromatic neutron beam with
a wavelength of 1.55 A. For the in situ ND experiments,
the Al (331) planes (axial direction only due to equip-
ment constraints) were used. In comparison, two different
planes of the Al (311) (hoop direction) and (331) (axial
and radial directions) were used for the ex situ experi-
ments. Gradual relief of tensile residual strain occurred
during SHT at 470 °C with the complete strain relaxation
happening up to approximately 5 h of soaking time; at 500
°C, complete relief of tensile residual strain occurred in
just under 0.5 h, as shown in Figure 14. The results indi-
cated that dislocation creep is responsible for strain relaxa-
tion during SHT. Ex situ ND was also conducted before
and after the SHT, which showed a significant reduction
of tensile residual stress as well as uniformity in the stress
magnitudes in the cylinder bridge in all three orientations
(hoop, axial, and radial directions), as can be seen in Fig-
ure 15. The authors also investigated the effect of produc-
tion T4 treatment on the engine block (470 °C for 7.5 h,
forced air quench). There were significant variations in the
magnitude of residual stresses along the cylinder bridge
due to forced air quench and resultant thermal gradients,

(b) 250 1
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Fig. 15 Ex situ residual stress profiles for the engine blocks following SHT at a 470 °C, b 500 °C [36]
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which promoted more stress development in specific loca-
tions of the CB. In another study conducted by Lombardi
et al. [59], it was found that high residual stresses in the
cylinder bridges of a sand-cast V6 Al-Si-Cu alloy (A319
alloy) engine block were reduced considerably after a T7
heat treatment. It was noted that the T7 heat treatment
led to substantial stress relief at the top of the cylinder
in the Al-Si-Cu alloy part of CB. In contrast, the middle
and bottom regions experienced only minor changes. This
could be associated with non-uniform cooling throughout
the cylinder bore following solution treatment. It was also
found that the over-aging (T7) treatment caused a redis-
tribution of the tensile residual stress from the top of the
cylinder to the bottom. It was also observed that lower-
strength sections (large grain structure) are more prone to
stress relief and distortion than higher-strength parts (fine
grain structure) [43, 59-61].

Neutron diffraction—based residual stress measurements
were applied to sand-cast A319 engine blocks subjected to
TS5 heat treatment, as reported by [62]. The results indicated
that T5 was less effective in relieving the tensile residual
stresses than the T4 treatment. This outcome is likely to
be due to the lower aging temperature for the TS treatment
(255 °C) in comparison with the solutionizing temperature

of the T4 treatment (470 °C), as stress relief during heat
treatment is highly dependent on the specimen temperature,
as reported in previous studies of [23, 58, 63].

Liu et al. [64, 65] studied the evolution of residual
strains along the cylinder bridge of A383 high-pressure die
casting (HPDC) V6 engine blocks, as shown in Figure 16.
The strains were only measured in the hoop and axial
directions in the Al-Si alloy part of the cylinder bridge
and compared the results of as-cast and T5-treated blocks.
The authors measured maximum residual stresses of +70
MPa and +46 MPa in the hoop and axial orientations in
the as-cast engine block, which was significantly lower
in magnitude than the sand-cast A319 engine blocks as
reported by Lombardi et al. [36] for sand-cast A319 engine
block. They claimed that the TS heat treatment relaxed the
residual strains significantly in the axial direction, while
the residual strains in the hoop direction were relaxed only
slightly after heat treatment; though these were different
casting techniques and engine blocks with different Al-Si
alloys. Also, the authors did not study the impact of gray
cast iron liner on the evolution of residual stresses in the
HPDC engine block, which should lead to high stresses in
the Al-Si alloy due to differential thermal expansion dur-
ing cooling.

AD
Direction of neutron beam

—  Direction of strain

©)
Cylinder
bridge

Fig. 16 Experimental setup for ND at NRSF-2; a with the strain measurement in the hoop direction, b strain measurement in the axial direction,
¢ and d schematic that shows the geometry of the A383 engine block, e strain-free specimen with a “comb” geometry [65]
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Fig. 17 Location of scan lines [66]

In an effort to study the impacts of casting and heat treat-
ment processes on the residual stress profiles, Stroh et al.
[66] applied ex situ ND to a T7 heat-treated precision sand-
cast bore-chilled 16 Al-Si alloy engine block. A modified
Nemak-Cosworth mold design was used to cast the engine
block with a focus on improving microstructural proper-
ties (i.e., grain refinement in cylinder bores) and reducing
residual stress during casting by removing the gray cast iron
liners.

(a)

.\;/‘
/| Cooling Channel |

Radial Measurement |jum

"1

The stress profiles in two of the five-cylinder bridges were
measured, as shown in Fig. 17a, to determine the uniformity
of the residual stress magnitude and profiles throughout the
engine block (see Figure 17).

It was concluded that removing the gray cast iron liners
from the casting process significantly reduced residual stress
in Al-Si alloy engine blocks (this leaves the option of insert-
ing liners later with less interference fit, or using a steel or
ceramic coating directly on the Al-Si block). This residual

T7 Lined and Machined (T7LM)

T4/T7 (T4 and T7)

.

Fig. 18 a Engine blocks used for the experiments; and b ND experimental setup at the Kowari strain scanner (Sydney, Australia) [67]

@ Springer



The International Journal of Advanced Manufacturing Technology

Table 1 Summary of the neutron diffraction residual stress measurements in various engine blocks

Type of engine block Instrument/facility Manufacturing process Maximum Stress Authors (references)
RS, MPa component
Inline 6-cylinder KOWARI/ANSTO T4 heat treatment (Cylinder Bridge) +150 Axial Stroh et al. [67]
(319 Al alloy) Australia T7 heat treatment (Cylinder Bridge) +120 Axial
T7 heat treatment-production ready 461 Axial
with the pressed cast iron liners
V 6 (319 Al alloy) CNBC/Chalk Rivers ~ TSR (Cylinder Bridge) +195 (TOC) Hoop Lombardi et al. [59]
Canada T7 heat treatment (Cylinder Bridge) +204 (MOC) Hoop
Dyno-Tested (Cylinder Bridge) +190 Hoop
TSR (Gray cast Iron Cylinder Liners) +107 Radial
T7 heat treatment (Gray Iron Cylin- 4105 Axial
der Liners)
V 6 (319 Al alloy) CNBC/Chalk Rivers  As-cast +220 Hoop Lombardi et al. [23, 36]
(in-situ and ex-situ T4 heat treatment +120 Hoop
ND) (Cylinder Bridge)
Canada
V6 (HDPC Al 383 alloy) NRSF2/ORNL As-cast (Cylinder Bridge) +70 Hoop Liu et al. [64, 65]
USA
V 6 (319 Al alloy) CNBC/Chalk Rivers  As-cast (Cylinder Web-Al-Si) +200 Hoop Sediako et al. [43, 55]
Canada As-cast (Cylinder Web-Gay Cast +180 Hoop
Iron liners)
V 6 (319 Al alloy) Kowari/ANSTO As-cast (Cylinder Bridge) +100 Radial Stroh et al. [66]
Australia T7 heat treatment (Cylinder Bridge) -175 Axial

stress drop was partially associated with the reduced restric-
tion of Al-Si alloy contraction during casting’s cooling down
upon complete solidification. The authors also observed sim-
ilar stress profiles in the two scanned cylinder bridges, which
indicates a uniform cooling rate with a congruent thermal
gradient during casting. Finally, T7 heat treatment was suc-
cessfully applied. It resulted in a significant reduction of
residual stress/strain from the CBs, particularly in the radial
orientation, where a reduction of residual stress from 100
to 50 MPa was observed at the top of CB (i.e., the location
most prone to distortion and cracking) [66]. In another study,
Stroh et al. [67] utilized neutron diffraction to investigate
the evolution of residual stress for different steps along the
manufacturing process of the inline 6-cylinder sand-cast
Al-Si alloy engine block with mechanically pressed-in iron
cylinder liners. The engine blocks used and the experimen-
tal setup for this study are shown in Fig. 18a, b. Utilizing
bore chills during the casting process led to the formation of
a high magnitude of compressive residual stresses in three
orientations of the CB, which was relaxed considerably after
the bore chills removal (greater than —300 to ~100 MPa).
The stress mode remained partially compressive after T7
heat treatment and with the mechanically inserted iron cyl-
inder liners, which minimized the material’s susceptibility to
crack growth and propagation. Table 1 summarizes the pre-
vious studies of neutron diffraction measurement of residual
stresses in the engine block.

Neutron diffraction was able to measure the residual
stresses in many locations in engine blocks; the full stress

tensor can be calculated. Some sample preparation is
required, particularly in thick sections, and a stress-free
sample of the same material is required to make a stress-
free d-zero sample. To measure different materials gener-
ally requires a change of monochromator, wavelength, and
instrument geometry, which will increase the experimental
time significantly.

3 Numerical methods
3.1 Finite element modelling of residual stresses

Numerical simulation, with experimental validation, at the
early stages of design could substantially reduce the associ-
ated costs of the trial and error procedure of experimental
casting, leading to large decreases in energy and material
consumption [40, 68]. It can also speed up the design cycle
by predicting casting defects and allowing designers to
improve the product’s design and quality [69, 70]. Advances
in modelling along with faster computing hardware allow
the process developer to have a better understanding of the
casting process with reasonable accuracy in a short amount
of time [71].

3.2 The thermal conditions during casting

FEM requires an accurate temperature field and tempera-
ture-dependent material properties; the temperature field is
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Fig. 19 The schematic view of a a pure substance melting and b an alloy melting. ¢ The changes in enthalpy during solidification of a pure sub-
stance (isothermal phase change) and alloy (continues properties phase change) [72]

difficult to measure and model. Metal solidification in cast-
ing is very complex and significantly impacts the casting
quality, cycle time, and process yield [72]. Solidification
is a phase transition process of liquid metal into the solid
state, which is accompanied by the release of the material’s
latent heat. During this process, a boundary between the
newly formed solid phase and liquid moves through the
material. The boundary for pure metals differs from the one
for alloys. While there is a sharp transition from liquid to
solid phases in pure metals, the alloys have the solidifica-
tion phase change in the form of a mushy zone, as shown
in Figure 19 a and b. In other words, the phase change in
pure metals happens at a single temperature, i.e., melting
temperature (TM), and in alloys, it occurs in a range of tem-
peratures, i.e., between liquidus (TL) and solidus (TS), as
shown in Figure 19c.

The thermal field models of the solidification process
are mainly of two different types [73]. In the first category,
two different media are defined for the liquid and solid
phases. Consequently, continuity equations, including
heat flow and temperature, are solved separately for each
medium and their interface. These two-domain approaches,
also called “front tracking,” are normally utilized for mod-
elling the solidification of pure materials. In the second
approach, a single medium/domain is applied to both liquid
and solid phases, and average quantities, such as solid frac-
tion and enthalpy, are defined at the nodes of the domain.
Therefore, due to the definition of average quantities in the
domain, these methods show a better capability to model
alloy solidification, which happens by forming a mushy
zone in a temperature range [73]. Most commercial FE

@ Springer

packages use the second method to model the thermal field
of material solidification [74].

The numerical simulation of the solidification process is
challenging due to several factors including the nonlinear
transient nature of the solidification mechanism, heat and
mass transfer occurrence at microscopic and macroscopic
scales, microstructure development, and the major impacts
of fluid flow on solidification. Residual stress is inevitable in
casting, which may lead to dimensional distortion or failure
of cast components.

The prediction of the residual stress in early design steps
can significantly improve the durability and efficiency of
the cast parts and reducing their production costs [10]. In

Fig.20 The HPDC stress-lattice specimen [79]
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Fig.21 a Evaluation of the strain and elongation in the stress-lattice, b comparison of numerical simulation and experimental measurement of

the calculated elastic strains in the stress-lattice’s middle arm [78]

particular, understanding the residual stress development via
modelling is even more crucial for cast components with
complex geometries, such as engine blocks, due to the time-
consuming and costly prototyping.

Prediction of residual stress via FEM during solidification
is done through coupled and uncoupled thermo-mechanical
analyses. In the coupled method, the thermomechanical
contact model is considered in the simulation process [68];
this is only significant where the casting process changes the
thermal history. In the uncoupled analysis, the temperature
analysis is first conducted from the solidification calcula-
tion, and then the temperature history is considered to be a
boundary condition to calculate stresses in the mechanical
model [75]. Despite the more accurate results of the coupled
approach, it is significantly longer compared to its uncou-
pled counterpart. As a result, researchers frequently use the
uncoupled technique, which heavily relies on the heat transfer

Fig.22 a The casting geometry (a)
and the stress measurement

locations; b stress distribution

in the specimen’s Y direction

[10]

coefficient (HTC) parameter, to simulate the formation of
residual stresses during the solidification process [76, 77].

3.3 Benchmark studies on residual stress modelling

FEM is an effective technique for the prediction of residual
stresses in the design stage and prior to the production of
powertrain cast components like engine blocks. However,
engine blocks have large and complex geometries, result-
ing in time-consuming FEM modelling of the solidification
and heat treatment processes. Therefore, it is not efficient to
model an entire engine block to develop the FEM analysis
techniques and check that the material properties and ther-
mal history inputs are correct. Hence, standard geometries
have been used by researchers in order to develop FEM
analysis techniques and compare predicted and measured
residual stresses. The next section reviews some of the
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Fig.23 The comparison between the simulated and measured residual stresses at the specified locations of A, B, and C for the three samples in

the a longitudinal (Y) and b transverse (X) directions [10]

studies that employed a standard geometry to benchmark
finite element methods when modelling residual stress in
the solidification process.

The stress-lattice geometry is an established method to
generate residual stresses in casting components, as shown
in Figure 20. This geometry is intentionally designed to
generate uneven thermal gradients during solidification
and cooling processes via using side (thin) and middle
(thick) arms, resulting in residual stress generation in the
component without crack formation [10]. It is also a well-
established experimental setup for evaluating FEM meth-
odologies [10, 75], which can then be used to analyze more
complex geometries such as engine blocks.

Hofer et al. [78] conducted experimentally validated
numerical modelling of a stress-lattice casting to investi-
gate the effects of the cooling regime, ejection time, and die
temperature on the distortion and residual stress distribution.
The HPDC process was utilized to produce Al cast compo-
nents. The thermal history was obtained through an infrared
camera system and used as thermal boundary conditions in
ANSYS for the stress analysis. The stress-lattice configu-
ration and comparative analysis between the predicted and

Fig. 24 a Stress-lattice con-

measured strains in the stress-lattice’s middle arm are shown
in Figure 21.

Johnson et al. [10] utilized the MAGMAstress package
to investigate the development of residual stresses during
the casting process for the gray cast iron stress-lattice speci-
men. They used the thermo-elasto-plastic material model
with temperature-dependent thermo-physical properties in
their simulation. The simulation results were compared and
validated with the neutron diffraction technique at different
locations at the center and side arms (A, B, C, and D). The
casting geometry and residual stress profile, in the Y direc-
tion, are shown in Figure 22.

Figure 23 shows the comparison between simulation
and experimental results. Compressive stresses in the lon-
gitudinal direction (Y) of the side arms for all three speci-
mens can be seen while the middle arms were under ten-
sile residual stress. The stress generation mechanism after
filling the mold and during solidification and subsequent
cooling process of the stress-lattice casting is as follows:
due to the difference in the thickness of the side and mid-
dle arms, the side arm cools faster than the middle arm,
resulting in a lower temperature and, thus, more thermal

(a)

figuration with the strain gauge
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evolution of residual stress as a
function of time for S1 to S3. ¢
Strain comparison between the
numerical model and the experi-
mental measurement (strain
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Fig. 25 a The cooling curves under convection; b the von-Mises stress in the Al-Si alloy block before the machining process [83]

shrinkage of the side arm. This results in the generation of ~ through the data derived from strain gauges installed at
tensile strains in the side arms and compression stresses various locations (S1, S2, and S3), as shown in Figure 24a.
in the middle arm. When tensile stresses in the side arms ~ Two of the strain gauges were mounted in the center of the
surpass their elastic limit, they expand plastically. Fol-  middle and side arms (S1 and S3), while S2 was installed
lowing cooling to room temperature, the middle arm is  on the middle arm’s surface. Simulation results with the
shorter than the side arms, resulting in the generation of  evolution of residual stresses at the selected locations are
compression stresses in the side arms and tension in the  shown in Figure 24b. There is also some difference in the
middle arm [10, 78]. residual stress (final state) in S1 and S2 which is an indica-
In a similar study conducted by Gustafsson et al. [75] on  tion of the existing stress gradient in the cross-section of
a low-alloy gray cast iron stress-lattice, an experimentally ~ the middle arm.
validated numerical model (uncoupled thermo-mechanical Evolution of residual stress in the gray cast iron
model) was developed in ABAQUS to simulate the solidi- stress-lattice was modelled by Motoyama et al. [79,
fication process. The experimental validation was done  80]. They validated the FEM results with the sectioning
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Fig.26 The casting mold schematic diagram used for the cylindrical shape casting (a); the locations of strain gauges for the residual stress meas-
urements (b) and the final product with the cast-in iron liner (c) [83]
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technique in two orientations of the middle arm (axial
and radial). A significant difference between the pre-
dicted and measured residual stresses was found in the
radial direction, where the modelling results showed
significantly higher residual stresses which is an indi-
cation that the standard elastoplastic material model
overestimates the residual stress. The authors, therefore,
introduced a parameter called zero strength temperature
(ZST) to the model for the loss of casting’s deforma-
tion resistance at elevated temperatures [79, 80]. The
yield strength of the material was considered to be very
low at the temperatures above ZST. The finding of this
study showed that the material’s strength at melting
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temperature must be added to the regular elastoplastic
model for the accurate prediction of the residual stresses
in the cast components [79, 81].

3.4 Finite element modelling of residual stress
evolution during engine block solidification

Ahlstrom et al. [82] conducted a thermal stress analysis to
quantify the cylinder dimensional distortion in a Volvo gaso-
line I5 Al-Si alloy engine block with cast-in gray iron liners.
The engine block model was done in ANSA, and residual
stress/strain computations were conducted in ABAQUS.
The Al-Si alloy’s mechanical behavior was characterized
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Fig. 28 Comparative analysis between the measured and simulated residual stresses and a ex situ and b in situ measured stresses in the circum-

ferential orientation [84]
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Fig.29 The analyzed heat treatment process (a) and cooling curves (b) at the head deck [11]

by tensile tests at different strain rates and temperatures to
capture the material’s viscoplastic behavior at high tempera-
tures. It is also worth noting that the solidification process
(cooling down of the molten metal from liquidus to the soli-
dus temperature) was not considered in the developed model
and the simulation started with the ejection of the casting
from the mold at 350 to 75 °C (see Figure 25a). This is
a simplifying assumption as the non-uniform temperature
distribution resulting from the solidification process before
350 °C is not taken into account. The outer surface’s heat
flux was considered the boundary condition to simulate the
block cooling in the air. The distortion introduced by cool-
ing processes was predicted; the out-of-roundness at the top
of the cylinder block was in reasonable agreement with the
measurements made on a coordinate measuring machine.
Since residual stress formation due to solidification takes
place from high to low temperatures, utilizing appropriate
material properties at elevated temperatures improves the
accuracy of the simulation results. To obtain the accurate
results, two important metallurgical phenomena need to be
considered: the recovery behavior of the stress-strain curve
and the strain-rate dependency. The recovery behavior of
materials does not let the inelastic strain formed at elevated

—

211m
5 times the Head
Size in length 100

Temperature (C)
N N
o
Qo

temperatures contribute to low-temperature strain hardening.
This trend is because, at elevated temperatures, recovery
and recrystallization eliminate dislocations and, therefore,
minimize the increased dislocation density caused by plas-
tic deformation. Motoyama et al. [83] conducted an experi-
mental and numerical study to determine the circumferential
residual stress development in a cylindrical Al-Si-Cu alloy
casting equipped with a gray cast iron liner. The experi-
mental setup and the location of installed strain gauges, as
well as the final product, are shown in Figure 26. The meas-
ured residual stresses in the circumferential direction in the
Al-Si-Cu alloy part and gray cast iron liner are shown in
Figure 27. There was ~60 MPa tensile residual stress in the
Al-Si-Cu alloy part and the gray cast iron liner experienced
more than 200 MPa of compressive residual stress in the cir-
cumferential orientation. This is expected due to the relative
thicknesses of the two materials at this point, with the Al-Si
alloy part being thicker.

Motoyama et al. [83] proposed an elastoplastic-creep
constitutive model to capture the recovery effect at elevated
temperatures and assess its influence on the simulation
results. In the FEM model, the coefficient of heat transfer
between the metal mold and the casting was achieved by

-+ Middle
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Fig.30 a The cylinder head’s CFD model; b the comparison between the predicted and measured
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trial and error (the simulation results were adjusted with the
experimental measurements). Temperature-dependent mate-
rial thermophysical and thermomechanical properties (i.e.,

thermal conductivity and specific heat) were considered in
the simulation and obtained from thermodynamics software
(JMat Pro). The uncoupled thermo-mechanical model was
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Fig.32 The new CAE approach for engine block manufacturing developed by Ford Motor Co. [86]
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Table 2 Summary of the numerical studies with the parameters and the validation methods

Specimen/Reference Material

Casting method  Initial and boundary conditions

Validation method

Stress-lattice [78] Al-Si alloy HDPC

Initial die temperature: 160, 180, 200, 230,
260 °C

Infrared camera/measuring
elongation

HTC as a function of temperature

Stress-lattice [10] Gray cast iron Sand cast

Pouring temp: 1440 °C

Neutron diffraction

Casting initial temp (after shake out): 625

°C

Sand core/sand mold: 500 (Wm™2K™")
Casting/core (HTC): 800 (Wm™2K™")

Stress-lattice [75] Low-alloyed gray Sand cast

cast iron

Mold/ casting: perfect heat conduction
Casing/air: 20 (Wm™2K")

Strain gauge

Sand mold/Air (HTC): 20 (Wm™2K ™)

Stress-lattice [79, 80]  Gray cast iron Sand cast

Initial sand mold temp: 25 °C

Strain gauge

Sand mold/air: 400 (Wm™2K~")
Sand mold/casting (HTC): 400 (Wm™2K™!)
Casting/air: 20 (Wm2K™")

Engine block [82] Al-Si alloy and gray  Die-cast

cast iron liner
Cylindrical Al-Si alloy
casting with liner
[83]

Similar to
low-pressure
die casting

Al-Si alloy and gray
cast iron liner

Heat flux between casting and air
Casting initial temp: 350 °C
Initial mold temp: 17 °C

Pouring temp: 689 °C
Casting/steel mold (pouring side):
2100 (Wm™2K™)

Coordinate measuring machine

Thermocouple
(temp. measurements)
in-situ and ex-situ strain gauge
measurements

Casting/liner (HTC): 2100 (Wm™2K™!)

Casting/air: 50 (Wm2K™")

Liner/air: 42 (Wm™2K™!)

Casting/steel mold (opposite pouring side):
4200 (Wm™2K™h

Steel mold/sand mold: 2100 (Wm™2K™1)

Liner/steel mold: 4200 (Wm™2K™")

Casting/insulator: 4.2 (Wm™2K™)

14 engine block [11] Al-Si alloy Sand cast

Uniform surrounding air temperature and

Thermocouple/strain gauge

velocity
Initial temperature: 500 °C

used in their study where the thermal and thermal-stress
analyses were conducted in the CAPCAST 3.5.7 FEM soft-
ware and ABAQUS commercial package, respectively. Their
results revealed that the elastoplastic model overestimated
the residual strain in the circumferential direction in both
gray cast iron liners and Al-Si-Cu alloy casting. Further-
more, the use of the elastoplastic-creep constitutive model
improved the accuracy of in-situ predictions of the circum-
ferential strain of the liner during casting (see Figure 28)
[83]. In another attempt, Motoyama et al. [84] incorporated
the recovery and strain-rate dependence of the stress-strain
curves into empirical elastoplastic-creep constitutive models
to improve the accuracy of the thermal stress analysis of
high-pressure die casting (HDPC) of the Al-Si-Cu alloy. To
find the material parameters used in the constitutive equa-
tion, the authors conducted tensile tests at different tempera-
tures, above the room temperature, to obtain stress—strain
curves that most closely resemble those during or immedi-
ately after casting for the Al-Si-Cu HPDC alloy (A383.0),
which exhibits natural aging. It was found that solution heat
treatment with subsequent cooling to the test temperature

should be applied to obtain stress—strain curves used for the
thermal stress analysis of the HPDC process of the Al-Si-Cu
alloy. They also conducted a comparative analysis with the
aging treatment and found that the yield stresses obtained
from this method were 50—64 pct. higher than the solution
heat treatment which could lead to an overestimation of the
predicted residual stress in die castings. Similar findings
were also reported by Perzyk [85, 86] where the tempera-
ture and strain-rate history of deformation were included in
constitutive models used for residual stress calculations as
neglecting these effects can lead to significant errors. The
Bauschinger’s effect appears to be of minor importance for
most of the materials and thermal loading programs (his-
tory dependant constitutive models) [85, 87]. However, the
Bauschinger’s effect on residual stresses of the ideal elas-
toplastic materials with linear hardening is significant as
reported in [85, 87] (i.e., typical stress values for kinematic
hardening were reduced by 30-50% in comparison with iso-
tropic hardening).

As explained in previous sections, the cast Al-Si alloy
engine blocks are required to be heat-treated before they
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are put into service. The heat treatment process alters the
residual stress profiles in cast components due to heating
and cooling cycles in solutionizing and quenching processes.
Hence, it is crucial to predict the changes in the stress pat-
terns using FEM modelling. The following section reviews
attempts made to model the heat treatment process applied
to the Al-Si alloy engine block.

3.5 Finite element modelling of residual stress
evolution during engine block heat treatment

Several numerical studies have been conducted to investigate
the effects of heat treatment on the evolution of residual
stresses in Al-Si alloy engine blocks.

Su et al. [11] developed a numerical model to predict
residual stresses during quenching of a cast Al-Si alloy
(A319) I4 engine block with gray cast iron liners (cast-in
liners). The block was air-quenched to a lower temperature
and then aged. The heat treatment procedure and the result-
ant cooling rate from the simulation and experimental meas-
urement are shown in Figure 29.

Thermal analysis during the air-quench process was done
using the fluent computational fluid dynamics (CFD) pro-
gram. The transient temperature field was then used as ther-
mal input to ABAQUS to calculate the resultant residual
stresses. The numerical model was validated against strain
gauge measurement results (Figure 29) with a good correla-
tion with the experimental measurement data. The highest
magnitude of the tensile residual stresses was found in the
cylinder bridge region of the engine block [11].

Jan et al. [11, 21, 88] improved the regular heat trans-
fer coefficient (HTC) approach for modelling the quench-
ing process of Al-Si alloy cylinder heads. Since the HTC
is dependent on geometry, temperature, time, and flow in
typical convective heat transfer conditions, the HTC values
will change by changing any of these parameters. There-
fore, the conventional HTC calculation methods need to be
repeated when any of these parameters are changed, result-
ing in lengthy and costly experiments. In the new approach,
the CFD technique was employed to solve heating equations
in the solid and liquid in conjunction with the flow equation
at the same time to calculate the HTC at the casting-quen-
chant interface. Then, they verified the model by applying it
to the air-quenching process of an Al-Si alloy cylinder head
and comparing the calculated results with the experiment,
as shown in Figure 30.

They also studied the effects of quenching orientation and
media, i.e., water and air, on the Al-Si alloy cylinder head
cooling process. Based on their study, quenching orientation
has a negligible effect on the component’s temperature gra-
dient and total cooling rate, as can be seen in Figure 31. Nev-
ertheless, though the effect of quenching configuration and
orientation on the HTC was explored, the residual stresses
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were not predicted. They also found that the HTC remains
almost constant during the air-quench process for all quench
configurations. From their results, it can be concluded that
this novel approach is an effective and accurate way to
determine the casting-quenchant interface’s HTC during the
quenching process without the need to conduct typical HTC
evaluation/calibration experiments. However, this method
can only be employed to model pure convection heat transfer
problems and it is not applicable to solidification modelling,
where a combination of all three heat transfer mechanisms is
active. Furthermore, since the model solves many boundary
condition equations simultaneously, it requires high compu-
tational resources to simulate the quenching process of large
complex components like engine blocks.

In the previous numerical studies, the casting/solidifica-
tion stage and the heat treatment stage of the engine blocks
were separately modelled to predict residual stresses. How-
ever, some studies developed numerical models to predict
the evolution of the residual stress in Al-Si alloy engine
blocks due to both solidification and the subsequent heat
treatment processes. In Menne et al. [89], some engine
projects from Ford showed the importance finite element
modelling of casting and heat treatment processes to pre-
dict the final mechanical properties, residual stress distribu-
tion, and potential defects. A combination of the predicted
residual stress profiles, operating loads, and assembly was
used in fatigue analysis to examine the engine’s durability
during service, as shown in Figure 32. They concluded that
FEM modelling of the casting process as a part of the CAE
before engine block manufacturing can significantly cut the
technology development phase’s time and cost (by up to
50%) and improve the products’ quality and durability. The
MAGMA commercial package was used for the analysis;
however, the modelling parameters such as boundary condi-
tions or material properties were not discussed in the report.

Table 2 summarizes the conducted numerical studies with
the simulation parameters and their experimental validation
methods.

Finite element modelling of residual stresses requires
accurate temperature-dependent material properties, an
accurate thermal history, and some method of benchmarking
the analysis technique; typically using a simpler sample such
as the stress lattice. There are considerable savings in cost
and time when this is performed as part of the design pro-
cess, as problem areas can be identified before prototyping.

4 Conclusions

This paper presents a review of numerical and experimen-
tal measurement techniques to evaluate residual stresses in
engine blocks. Several key examples of both numerical simu-
lations and experimental measurement techniques of residual
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stresses were reviewed in different manufacturing stages of
the manufacturing process of Al-Si alloy engine blocks.

Among many possible measurement techniques, section-
ing and neutron diffraction are widely used to characterize
bulk residual stresses in the engine block. In this paper, the
principle and critical issues in both sectioning and neutron
diffraction methods were summarized, along with several
case studies to determine the residual stresses in the engine
blocks. Despite the fact that the sectioning method is an accu-
rate and economical technique to evaluate residual stresses
within thin plates, this method provides only limited infor-
mation on the nature of the stresses within a component and
could be utilized for surface measurements and qualitative
analyses only. On the other hand, neutron diffraction is a
high precision non-destructive technique, with +50x107°
accuracy in strain with > 0.1 mm spatial resolution, capable
of characterizing bulk residual stresses in all three princi-
pal direction at many locations within the block at different
stages of the manufacturing process as well as the relaxation
of residual stresses during heat treatment of the engine block.

The case studies of in situ neutron diffraction measure-
ments were described, and the results were discussed in
this paper. The residual stress variations were also dis-
cussed in conjunction with microstructural and mechanical
properties of the engine block.

The numerical case studies included benchmark studies
and residual stress evolution during engine block solidi-
fication as well as heat treatment. Different approaches
were used for the developed numerical models (i.e., plas-
ticity or thermo-physical models) which require proper
validating through experimental measurements for each
investigation.
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