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ABSTRACT

In this paper an attempt has been made fo review critically the methods employed
for the measurement of residual stresses, the test pieces used, causes of residual
siresses in castings, mechanism of residual stress formation and relief of residual
stresses. It is concluded that the causes of residual stress formation are fairly well
understood, but the mechanism behind the stress relief produced by different methods
i1 not as well understood. It Is suggested that a detailed study of the various stress
relief methods, independently or in combination, is essential o understand the
mechanism.
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INTRODUCTION

The presence of locked-in residual stresses in castings have been recog-
nised Jong beck. Castings with appreciable residual stresses are found
to distort during storage, transportation, . machining and service. Many
examples of cracks occurring due to high stresses can be found in the litera-
tre.! The residual stresses limit the external load to which the cast
component can be subjected to. This is so because wherever the residual
stresses and stresses due to the external load are in the same direction, the
load carrying ability of the component is only the difference between its
strength (tensile or compressive as the case may be) and the residual stiess.

However, the presence of residual stresses is not always bad. From
the argument presented above, it is immediately obvious that residual
stresses are desirable if they counteract stresses arising from external forces.
In many instances residual stresses are purposely introduced to increase
the service life of the component. It is 2 common practice nowadays to
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induce surface compressive residual stresses o enhatice the fatiguc life of
components. Portevin and Pomey® and Patterson and Dietzel® camief
out detailed investigations to bring out the bencficial cffects of residug
stress. They concluded that surface compressive stresses increased the
tensile strength, bending strength, impact strength, torsional strength and
hardness. Notch effect was also reduced.

In majority of cases, especially when the castings are complex, it i
difficult to predict the distribution of residual stresses. In such cases the
standard method is to eliminate the residual stresses altogether. ‘There
are two ways to achieve this: one is to make castings in the stresse
cordition by adjusting different variables. This requires understanding ast
how and why stresses arise, and what factors influence the magnitude of
the residual stresses. The second alternative is to produce castings with
stresses, and then subject them to treatments to relieve the residoal stresses.

METHODS OF RESIDUAL STRESS MEASUREMENT

The methods employed for the measurement of residual stresses may be
classified itto mechanical, physical and chemical. The choice of a part
cular method depends on the shape of the specimen, precision required and
the location and direction along which stresses are to be nieasured.

1. The four most important and very widely used methods coming
under the category of mechanical methods are:

(i) Parting-out method

(ii) Layer removal method

(iti) The boring and turning method and

(iv) The hole drilling method.

Abundant literature is available on these methods. In the report SAE
J 9364 (and also TR 144%) published by the Society of Automative Frge
neers, the details of different techniques are given clearly, Refinemerts
in the mathematical approach, and improvements in techniques are beisg

reported periodically. In the present article, only a brief mention of e
principle and the advantage of each method will be made.

(i) Parting-out method

The parting-out method can be used either as a first step in a detailed
§tress determinration (using other methods) or as a method comPk“’f“
itself. The method requires removai of a coupon from the parent part &t
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the region of interest. The coupon can have the shape of flat plate or a
straight or curved beam. Strain and/or curvature, produced in the parted
out coupon, are measured to compute the stresses, - :

If the distribution of stress through the thickness of the coupon is
known or can be reasonably assumed, the residual stress in the parent part
may be determined. If the principal stress directions are known, the
procedure becomes simpler. One beam oriented in the direction of principal
stress is parted out and analysed. If the directions are not known, two
beams may be necessary. However, since cutting in one direction will
affect the stresses in the other directions also, appropriate correction factors
are to be introduced into the calculations. The minimum size of the beam
removed should be 1 in. long. In case of plate it should be'1 in, square.

The method is ideally suited to determine average stresses in large part,
The error in measurement can be quite large if steep stress gradients are

present.

(i) Layer removal method

This is a very useful and sensitive method in determining the resi-
dual stresses in flat plates or beams in which the stress varies with the thick~
ess, particularly if the stress gradient is sharp. The stress in a layer
is determined by removing the layer and measuring the strain and curva-
ture changes it produces on the remainder of the specimen. Strain gauges
are used for strain measurement and precision curvature gauvges for the
curvature measurement, :

Plate coupons are used if the principal stress directions are unknown,
If the directions are known, beams parted out in the principal directions are
used. The thickness of the specimen needed depends on the extent of
stress measurement required. In case only surface stresses are desired,
thickness of the order of 1/8 in. is sufficient. If the entire stress distri-
bution is needed, the coupon should be much thicker. The determination
of surface stresses requires only primary cuts, whereas for the evaluation
of entire stress distribution, primary and secondary cuts should be used.
The thickness of the layers to be removed depends on various factors such
#s size of the specimen, precision of the measurement required, and steep-
ness of the stress gradient.

¥ precise results are to be obtained, the machining technique should

be chosen such that the induced machining stresses have the minimum effect,
The wsual techniques are grinding, etching or electropolishing. The layer
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removal metbod is relatively complex, especially for thick curved beams,
Computer programiming is necessary if several specimens are to be studied,
There are experimental set-ups wherein continuous measurement of sty
and curvatuie, as electropolishing goes on, is possible and a computer
coupled to it calculates the stresses.

(ii) The boring and turning method

This method is applicable only to circular cylindrical members. The
tangential, radial and longitudinal stress distributions along 2 radius may ke
determined by removing layers from the bore or the outer surface znd
measuring the longitudinal and tangential strain changes. The two basic
assumptions made are: (@) The stresses are symietrical about the central
axis and constant zlong its length; (b) the removal of a layer produces 3
constant change in the longitudinal stress at all points in the specimen,

The strains are measured on the side opposite to the one on which
the layers are removed and are a2 measure of the stresses released in the
removed lavers. If complete stress distribution is desired, or if the stresses
at one surface (bore or outer surface) are to be determined with the greatest
possibls precision then primary and secondary layer removal may be used,
For example, suppose the stresses at the surface of a solid shaft are desired,
Then the shaft is bored first (primary cuts). This reduces the siiffness so
that secondary cuts at the surface produce significant strain changes, Simi-
larly it the case of a thick walled tube, if the stresses ot the bore ae
required with the greatest precision, primary cuts are made at the outer suface
and secondary cuts at the bore. Combination of boring and turping is
necessary to reduce the error.

The precision of the method is determinred by the accuracy of the
measurement of dimensional changes and the care taken in the removal
of layers. Due to the stiffness of the members, only small strain changes
are produced for a given thickness of layer removed. Hence the thick-
ness of the removed layer and the strain should be measured with the
greatest precision. The length of the specimen should be more than tvo
times its diameter. If not, end corrections are necessary.

(iv) Hole drilling method

This is a valuable technique because it can be used to survey the stresses
at the surface of & large part. In this method, the surface strains in the vid-
rity of & hole cre measured as the hole is drilled. This method can b
classified as semi-destructive, since the hole produced may be repaired i
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wree structures. One of the techniques employed is to coat the surface
varhe part with brittle lacquer and drill small holes at various points of
suterest. The crack pattern produced is used to estimate the direction,
magritude and nature of the biaxial residual stresses.

For quantitative woirk strain gauge rosettes (3, 4 or 6) are to be used,
unless primary directions are known. In the latter case, strain gauges
located in appropriate directions are sufficient. One of the basic assump-
tions made is that the residual stresses are constant in the region of the
drilled hole. The stress distribution can be determined only for a limited
depth, since the surface strain changes become negligible when the material
is removed at a depth below the surface of one to two hole diameters.

The precision of the method is low, since the strains produced by
drilling are very small. There have been various attempts to improve the
sensitivity of the method and also to measure siresses as a function of
depth. The hole drilling method is not limited to parts with flat surfaces
only. It can also be used in fillets and at other locationrs where section
changes are gradual.

II. Under the category of physical methods we can list:
(i) Xeray diffraction method

(i) Ultrasonic method and

(i) Magnetic anisotropy method.

() Xray diffraction method

This is a non-destructive method for the measurement of residual
stresses.  The principle of the method can be briefly stated as follows.
The metallic materials which are crystelline in nature diffract x-rays and
from the diffraction pattern interatomic spacings can be determined.
Stresses (either applied or residual) cause changes in the interplanar spacings
thereby affecting the diffraction pattern. Stresses within the elastic limit
case a shift in the position of the diffraction peak. From this peak shift,
strain (and hence stress) can be calculated.

The method can be used either to find out the sum of principal stresses
& a point or the stress along any particular direction. The ditection and
magnitude of the principal stresses can also be determined.

Since the penetrating power of x-rays used for diffraction work is small,
one can safely assume biaxial stress field. The diffraction information
comes from a layer of few microns thickness, Incidentally, this factor shows
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the importance of surface preparation. The accuracy with which stresges
can be determined depends on the accuracy with which small changes iy
interplanar spacings can be measured. For this reason, high angle ¢t
fraction lines are used. Lattice faults and uniaxial plastic flow are found
to give spurious shifts. The first one can be eliminated by proper experi
mental procedure.

Either photographic technique or diffractometer can be used. The
diffractometer is quite fast and nowadays computer controlled stress diffracto-
meters are being used in industries.

(i) Ultrasonic method

Just like transparert materials are birefringent to 2 beam of polarised
light, stressed metals are birefringent to an ultrasonic (frequency of the
order of 5 MHz) shear wave. A polarised shear wave passing through such
a material ‘s resolved into two components, which lie in the planes of the
principal stresses. These two wave components travel at different velocities,
which are dependent on the magnitude of the principal stresses. These
velocity changes are measured, and from that the stresses computed. How-
ever, complications aiise due to the fact that birefringence is not only
caused by stress, but is also produced as a result of anisotropy. There had
been many attempts to separate out the two effects and some are success
ful. In future, this may prove to be a very powerful non-destructive method
for residual stress analysis.

(itl) Magnetic anisotropy method

This is applicable only to ferromagnetic materials. The method in-
volves the measurement of the effective permeability over a range of frequency
of the applied alternating field. It is still in the development stage.

0. Chemical

Under this category, the main method is * stress corrosion method "
Corrodents which cause cracking of the surface of certain metals when
tensile stresses exist may be used to detect residual stresses. Though in
principle by controlling the conditions it is possible to get quantitative dafa,
it is highly unreliable in practice. Further, stresses below a particular vafue
cannot be detected since no cracking will occur in that case. Since small
changes in composition of the metal or corrodent, teraperature and metal
anjsotropy can have large effect on the stress corrosmn beha.wour, the
method is only qualitative,

»
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SpECIMENS 'EMPLOYED FOR THE MEASUREMENT OF RESIDUAL STRESSES

Experiments on prototype castings®12 for the evaluation of residual
sesses and the effect of different variables on their magnpitudes will be too
expensive. Hence the necessity for designing some simple structures.

The specimens used to investigate residual stresses can be classified
nto three groups.

1. Specimens designed in such a way that high casting stresses ase
developed.

1I. Blanks or approximate shapes (later machired) or exact sizes are cast,
and then subjected to various quenchitg treatments and

fIl. Blanks or approximate shapes are cast and machired to final dimen-
sions. Preplanned stresses arc then introduced and the effect of
various relief treatments investigated.

Majority of the specimens coming under group I are designed on the basis
of differential cooling between parts of the casting. The grid castings were
developed on this basis. The shape of the specimen used by Russel? is as
shown i Fig. 1. In the thick member, tensile and bending stresses (the
latter due to the weakness of the side members) are developed. A gap is
mifled in the thick member and the gap width is taken as a measure of
siess. The method is mot very sensitive.

I
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Dodd™ first tried to use a simple rectangular framework (Fig 2),
Tt was observed that the connecting members were subjected to high bending
stresses, and this in turn offered a partial relief of stress in the centre

L]
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Fi1e. 2. Simple rectangular grid.

member. Following the discussion of Roth and Seumel,’s Dodd modified
the yokes, as shown in Fig. 3, to give the ends sufficient rigidity. In ths
case the stress in the centre member approaches a state of uniaxial tension.
Parkins and Cowan?® and Kosowski?” used specimens of simtilar shape.

Kasch and Mikelonis'® used z modified rectangular framework desig
nated G-66-2B (Fig. 4). The design looks a bit complicated, but it scems
to ensure unidirectioral stress. The grid used by Patterson and Dietzel®
is analogous to the rectangular framework. Here the thin outer members
have a double trapezium-shaped cross-section whereas the centre member
has a circular cross-section. The middle member is tapered in the cente.
The yokes have 2 double T-shaped cross-section. Extensions provided from
the centrz member can be used to clamp the specimen in tensile testﬂ’e
machines. According to the authors the trapezium shape of the s
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F1g, 3. Modified rectangular grid.

member prevents the rotation- of the grid under the action of residual
stresses. The shape of the specimen suggested by Portevin and Pomey?
is similar to the one used by Russel™® except that the measurements were
carried out on thinner memnibers and that distance between two points before
and after cutting were measured instead of gao width. Triangular grid
castings were used by the Technical Subcommittee0:2! (T.S. 32) appointed
by the Institute of British Foundrymen. A schematic drawing is shown
inFig. 5. The outer members and yoke, because of their high surface
area to volume ratio, solidify fast and becom: rigid compared to the thick
centre member,

In the rectangular as well as the triangular grids, strain pauges are
used to find out the stresses. One or two strain gauges are attached to
the centre member and then it is sawed through. The strain indicated by
the gauge is straightaway used for the calculation of residual stress, if the
value of Young’s modulus is known. There are some difficulties in fixing
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L]
the correct value of Young’s modulus as will be evident from the discos-
sions later. Kasch and Mikelonist® suggest another method which could
be adopted by Foundries not in a position to afford the strain gauge equip-
ment. Patterson and Dietzel,” in addition to determining the stresses
by the strain gauge technique, also used a method called the difference
method, However, the validity of the method is questionable.

The drawbacks of the grid ca.stings are: (i) The microstructure of thick
and thin members are usually not identical with the result that the value
of Young’s modulus may not be the same for different paris. (i) Young’s
modulus is not a constant for cast iron, but it depends on the strain, Assump-
tion of a mean value for Young’s modulus may lead to errors. (iii) There
is always the likelihood of some bending of the members, which cannot be
taken. into account by employing the present methods of calculation of

stress.

The second drawback can be overcome by plotting a stress-strain
curve and reading off the stress corresponding to the strain observed.
There is another procedure which doesn’t involve the measurement of
strains. The centre member is sawn slowly until fracture occurs, If
the area of fracture is g, the stress o is calculated using the formula

a=P§

where P and A are the tensile strength and the area of cross-section res-
pectively of the centre member.

Usually cylindrical rods were poured along with the grids. From
these rods specimens for tenmsile test and bending test were machined,
Average value of E (Young’s modulus) can be determined from each test.
In addition to these, the value of E can be calculated from the graphite
content aiso. Patterson and Dietzel used these 3 £ values for the calcu-
lation of stress and iried to arrive at a best fit which will give smooth varia-
tion with other variables studwd

Two other types of spec1mens can also be 1ncluded in this group.
First is the double ﬂanged bars?® used by T.S. 32 to study the effect of
mond hindrance on the magnitude of residual stress, Next is the large
T section "castings used by G1rschovu:h and Slmanovsku” to investigate
the casting distortion, o
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The type of specimens coming under group II are usually either
cylinders or hollow cylinders.? All the specimens were cast to aAPproxi-
mate sizes, machined to final dimensions and subjected to an initial therms
stress-relief treatment. Patteison and others used the cylindrical sample
to study the effect of various quenching operations on the magnitude of the
residual stresses, and also to investigate how the mechatical propertie
were altered by the residual stresses. The hollow cylinders, after heating
to a particular temperature were cooled differently and the effect of theg
on the magnitude and distribution of residual stresses studied.

Under group 1T we can list the ring specimens used by Halleti ang
Wing,?® Kotsyubinskil etal,? and Zeppelzaver and Brezina® and the
rectangular bars (bent transversely by a stirrup using distance pieces af
ends) used by Benson and Allison®® and Tottle.?” The ring specimens
were machined from hollow cylinders. A slit was made in the ring and o
wedge introduced so that known amount of stress can be introduced. Tn
this loaded condition the rings were subjected to various relief treatments,
From a measurement of the width of the slit before and after treatment
the percentage of stress relief can be easily calculated. Hallet and Wing®
used the following formula

Gy— G, — P
=X 100

where R is the percentage of stress relief ;

R =

G,—width of the gap after removal from the spacer wedge;

G,—width of the original gap;

W—width of the spacer wedge;

P—plastic deformation at room temperature = (G, — Gy at RT
if no plastic deformation occurs at room temperature, P =0. Zeppelzaver
and Brezina® neglect P. Both the groups of investigators were studyirg

the effect of different heat treatments on the magnitude of relief of stress
in iron castings of different compositions.

Some of the objections raised against this type of specimens are:

(i) The stress distribution across the thickmess of the ring varies
continuously through the neutral axis.

(i) The difference in coefficients of thermal expansion of the materitl
of the ring and of the wedge may introduce additional stresses,



Residual Stresses in Iron Castings 335

(iti) Whereas actual castings are not restrained while heating, the
wedge, at least partially, puts a geometrical restraint,

Some investigators feel that it is wise lo draw a distinction between the
relavation of externally applied stress and the relaxation of inberent casting
stress. -

Kotsyubinskii etal® used cylindrical specimens also in addition to
rings. The specimens were held in rigid holders and known stresses
introduced. Stress 1elaxation over prolonged periods were studied.

Another type of specimen®.%,30 is shown in Fig. 6. 'This has been
mainly used to study the effect of vibration on the relief of stress. The
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Fig, 6. Cantilever type specinlen,

specimen consists of a rigid central portion with 4 projecting cantilever
Wams. The cantilever beams form the working section of the specimen,
The stresses are set up by inserting calibrated pins in the gaps. The pins
were fixed to rigid supports, Vibratory stress is applied in the form of
congentrated load -+ P in the rigid centre section. The vibratory load can
be checked by monitoring the sigrals from the strain gauges attached to
the cantilever arms to an oscilloscope. The gep widths are measured
before loading and also after removal of the pin subsequent to vibration
ireatment. The change in gap width is used to calculate the relief of stress
& well as distortion,

ThoThe o@jection raised against the ring specimens can also be raised here.
Ugh this type of specimen has been used to study the effect of vibration
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only, there is no reason why it should not be used to study stress relief by
other methods, for example thermal stress-relief. .

The main advantage of specimens urder group III is that ome cap
introduce known stresses and then study how different treatments relieve
the stresses. Also data collection is easier.

CAUSES AND EFFECT OF DIFFERENT VARIABLES ON THE MAGNITUDE oF
RESIDUAL STRESSES IN CASTINGS

A. Causes

The residual stresses in castings arise due to inhomogeneous plastic defor-
maitions. While cooling to room temperature, in order to enable the parts
of the casting to fit together elastic strains corresponding to the residual
stresses are introduced. Non-uniform deformations can be expected due
to the following reasons.

(i) Variations in cooling in different parts of the casting.

(ii) Hindrance to free contraction by the mould material —often referred
to as mould restraint.

(iii) Phase transformations accompanied by volume changes.

Residual stresses can also be set up due to temperature gradients
existing from the surface to the centre of casting during cooling. Here
stresses are related to the overall rate of cooling of the casting. The stresses
arising due to this cause attain appreciable magnitude, only under cond-
tions of rtapid cooling (for example, quenching). Compositional and
structural heterogeneity can also cause stresses.

The relative contributions of the above three factors to thefinal residua}
stress depend on the shape and material of the casting, and other foundry
variables. Phase transformations and mould hindrance can cause appie
ciable amount of stress only if temperature difference exists between paﬂs
of the casting while cooling. .

B. Effect of Different Variables on the Magnitude of Residual Stress

The factors which influence the magnitude of residual stress can be
classified into three categories:

(i) Composition, melt treatment and pouring temperature.
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(i) Mould materials and propertics.
(iii) Other foundry variables such as knock-out.

Let us consider one by one.

(i) Composition, melt treatment and pouring temperature

In case of cast iron, we can consider the following compositional
variables :

(d) Carbon and silicon content;

(b) Phosphorous content;

{¢) Sulphur content;

(d) Manganese content.

{¢) Carbon and silicon com‘em

Not much literature is available rega.rdlng the effect of composition
and inoculation on the residual stresses in cast iron. Gisshovich and
Simanovskii2? measured deflections in 7 section castings of grey cast iron
of different compositions. As the total carbon content was raised from
2-5 to 3-5% at a silicon content of 2-13;, the deflection observed changed
from negative to a positive value. At a particular carbon content, zero
deflection was observed. Similarly at a constant carbon content, an
increase in silicon conient from 1-7 to 2:7% made the deflec~
tion change from negative to:positive. At a particular value of. silicon
content the deflection becomes zero. As the carbon equivalent is increased,
the deflection reduces, passes through zero from negative to positive.
Further increase in the carbon and silicon contents increase the deflectjon.

Patterson’ and Dietzel® studied the effect of caibon and silicon con-
tents using rectangular grid castings. They poured six types of cast iron
with different carbon and silicon contents. The results were discussed in
terms of K factor and the degree of saturation. The degree of saturat;on
Sc is calculated from the relation

- C
So = torg_ SFP
3

and the K factor given by

K =7 si(1 _aLSc)
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As the degree of saturation was increased, the residual stresses decreased,
For the same degree of saturation higher stress.values were observed for
castings with higher K factor. Further they observed a linear relationship
between the tensile strengih (or bending stiength) and residual stresses,
provided the melt treatments were the same.

(b) Phosphorous content

Tn case of inoculated iron, the residual stresses increased with increase
in phosphorous content, if the E values were estimated from the bending
test.  On the other hand, if E values determined from the graphite content
were used for the calculation of residual stress, the residual stresses
increased slightly up to a P countent of 0-49%] and thereafter decreased
In case of uninoculated iron, the residual stresses increased if E values esti-
mated from geaphite content and tensile test were used. Experiments with
solid cylinders quenched from high temperatures also showed some increase
in residual stress with increase in the phosphorous content.

(¢) Sulphur content

To study the effect of sulphur content on residval stress, irons inocu-
lated with calcium silicide were used by Patterson and Dietzel. The resi-
dual siress, calculated with the E values obtained from graphite content,
increased as the sulphur content was increased. The authors attribuie
this to the carbide stabilizing effect of sulphur in cast iron. The residual
stress values, calculated with E obtained from bending and tensile tests,
decreased slightly with increasing sulphur content, up to 0-1% and thereafter
increased.

(d) Mangavese content

The iron used was not inoculated. The variation of residual stress
with manganese content shows a maximum and a minimum. The reasons
for the mirimum and maximum are thought to be as follows. Up to 0-5%
Mn the fraction of combined carbon decreases. This causes a decrease
in the strength of the material with the result that the rapidly cooling thin
members are not in e position to deform plastically the thick member
Hence the stresses are lower. Above 0-6%, Mn the fraction of combined
catbon increases, strength increases and residual stress increases. Fiom
0-872 Mn onwards transformation stresses become effective which in ﬂﬂs
case reduces the final value of residual stress. This accounts for the mex-
mum value observed.
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froculationt

Patterson and Dietzel inocuiated the irons with ferrosilicon and calcium
slicide. Tnoculation with calcium silicide resulted in  higher stresses.
However, with inoculation, the strengthh of the iron also increased. There«
fore. rather than comparing the absolute values of residual stress, it is more
enlightering if the ratios of tensile strength to vesidual stress are com-
pered.  This ratio was found to be very high for irons inoculated with
eleim silicide compared to uninoculated irons. This means inocula-
tion (calcium silicide) is favourable from the residual siress point of view
also. On the other hand, inoculation with ferrosilicon resuited in a lower
ratio of tensile strength to residual stress, i.e., the residual stress has increased,
hut the tensile strength has not increased to that extent.

FPouring Temperature

Angus and Tonk! observe that low pouring temperatures give rise to
slig and blow hole defects. These defects can provide stress raisers and
iritiate cracks. According to them, ivelatively high pouring temperature
wil tend fo reduce temperature differences due to difference in sections
ard slow down the overall cooling rate. Patterson and Dietzel also put
forward the same argument.

However, the resulis obtained are just the reverse. Dodd™ observed
a slight increase in vesidual stress with increase in pouring temperature
{Alalloy). T.S. 32 in their work with Al alloy and steel?® observed an
increase in residual stress with increase in pouring temperature. Girscho-
vich eral. observed increase in deflection of their I section castings (cast
fror) with increase in pouring temperature.

{ily Mowld marerials and properties
{e) Mould strength

Dodd™ from his investigations on RR 59 Aluminium alloy in sand
moulds came to the conclusion that residual stress was independent of
mould hardness. Further he couldn’t find any variation in residual stress
with mould strength (dry).

) T.8. 32 using the triangular grid casting tried to find. the vaiiation of
“sidual stress with mould strength in case of Al alloy and steel. They
fourd that the variation of stress with thestrength of the mould didn’t follow
#%Y consistent pattern. However it is worth noting that in their experi-

Li8c.—10
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ments with flanged bars, though they didr’t observe any residual stress,
after removal from the mould, the casting in the hard rammed mou!d
contracted more than the casting in the medium rammed mould, Thi
immediately suggests that provided sufficient difference ‘in cooling rate,
exist, the castmg m a mould thh high strength can nge rise 10 higher
residual stresses.

Parkins and Cowan’® conducted experiments -with cast iron,. brag
and Y alloy in moulds of different strength. Though in each case wide
variation in residual siress with mould strength was observed, no meaning.
ful relationship could be established. Experiments proved that high tempe.
rature strength is important and residual. stresses increased as the high
temperature strength increased. .

() Moisture content in the mould

Dodd and T.S. 32 found that rvesidual stresses incieased linearly with
the water. content in the mould. They used Al alloy and steel. Kasch and
Mikelonis observed slightly higher value of stresses for casting. in the dry
mould than those cast in the green sand mould.

(iii) Other foundry variables such As knock-out

It is a practice in foundries to remove the castings from the mould whik
it is still in the hot condition. Dodd (Al alloy), T.S. 18 (grey cast iron*
and T.S. 32 (Al alloy and steel) observed an increase in residual stress with
stripping time, i.e., the castings knocked out early had a lower amount of
residual stress. The explanation put forward is that when the casting
are knocked out early, the temperature difference between different parts
of the castings drastically comes down which results in a lower magt
tude of residual stress.

But Kasch and Mikeloniss observed the reverse in case of ductile iron.
They observed a stress of 4800 psi when the casting was cooled to rom
temaperature in the mould while the casting shaken out when the tempe
rature of the light and. heavy sections were above 1340°C, a stressal
6960 psi was observed.

The observations of Timofeev ez ol.3? is worth mentioning here. The
were investigating why the centrifugally cast pipes failed more often that
the turn table cast pipes (material: grey cast iron). From the ch j
content and microstructure point of view the centrifugally cast pipes Wit
superior. Om close examination they found the reason to be due @ the
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gnock-out of the centrifugally cast pipes at high temperatures. According
1o them, knock-out at high temperatures induces high tangential stresses
which caused the. failure during testing. Slower cooling reduces the
magnitude of tangential stresses.

Thus the effect of knock-oul on -the magnitude of residual - stress is
rot well established and requires further detailed investigations,

The Technical Subcommittee T.S. 32 tried to find out whether the resi-
dual stresses varied when the dimension of the runner was changed. They
observed an increase in residuel stress with ircrease in the diameter of the
runner (triangular grid castings). It is not clear why this should increase

ot all,

According to the Technical Subeommiitee T.S. 32, there 1s a definite
relationship between the structure of the casting and the residual stresses
developed. Wher the side members of the grid showed heavy chill struc-
ture, the casting cracked in the mould itself due to high stresses. This
cracking usually occurs in the web 2t the wider-erd of the grid at the junc-
tion between the 'side members. According to Angus and Tonks, use of
derserers may provide a directioral dendritic formation ~which in turn
increases the promeress to cracking. Also the castings were more brittle
in ploces where the graphite was in the undercooled form.

MECHANISM OF RESIDUAL STRESS FORMATION

The stresses arising due to different coolirg rates ir thick znd thin
sections, with special reference to grid castings, is broadly explained as
follows. When the molten metzl is poured the thin outer members start
cooling faster than the thicker member, with the result that the thinner
sections shrink faster than the thicker. Thus the forces become operztive
which first of 2ll produce terisile stresses in the thinrer outer membets and
tompressive stresses in ‘the thick middle member. The yokes serve to
transmit the forces and may be subjected to a certain amount of berdirg.
Now, the mecharical strength is a temperature dependent property, ard
the thin outer members as a result of rapid cooling, come first within the
Taflge wherein they can teke up elastic strains. When the thin members enter
this renge, the thick member is still in the plastic range, wherein it cannot
Support any elastic strair. In other words the lighter sections compress
@d deform plastically the thick centre member. As cooling progresses,
the thin members attzin temperatures wherein the rate of cooling and
tonsequently contractions become smaller. Up to this point the outer



342 C. BALASINGH ef al.

members are under tensile stress. After a certain time, the cooling ratey
of the thick and thin members become equal and finally the rate of cooling
of the central member exceeds that of the thinner members. When the
centre member has cooled to a temperature wherein it can fake elasc
strains, a process of stress reversal takes place. Some refer to it as thermaj
stress 1eversal. Fiist the tensile stresses in the outer members decrease ang
then become compressive. The thick portion tries to contract, but it i
restrained by the rigid outer frame. The effort by the centre member 1
contract and thereby to pull together the stiff outer members is resisted
and this leads to tensile stresses in the thick centre member. I the tensile
stress thus produced exceeds the tensile strength at those temperatures.
cracking can occur. Or if the compressive stresses are high in the thin
outer members, buckling of these parts can occur. Or the casting may
be left in a state of balarced stress system.

As the Subcommittee T.8. 32 puts it, the overall view is complicated
by the fact that the mechanical properties of the metal do not change
suddenly in the manner suggested. The change is gradual and spread
over a temperature range.

In the mechanism described above, local plastic deformation of one
part relative to another part of the casting is an essential prerequisite. Let
us consider a case wherein plastic deformation doesr’t occur, but all the
strains remained elastic from the moment of solidification to cooling down
to room temperature. In this case the thinner sections, cooling rapidly,
develop tensile stress whereas the thick portion, cooling slowly, develop
compressive stresses. But the strain  produced is now elastic. Later
when the thicker section cools faster, the compressive stresses in the thicker
sections and the tensile stresses in the thin sections decrease gradually. At
21l stages the deformations are in the elastic range and completely balanced.
‘When the casting has cooled down to room temperature, no residual stresses
would be present.

If the mechanism of differential cooling (with local plastic defor-
mations) is operative, it is obvious that stresses will increase if the tempe-
rature difference between thick and thin members are increased. This ca?
be brought out by casting conditions or increasing the difference in sectios
thicknesses. However the increase in stress cannot go on indefinitely.
Wien a certain value of cross-sectional vatio is crossed, though large
stresses are produced in the thin outer members, this cannot cause much
plestic deformation in the centre member, owing to its large area of cross
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section.  This results in 2 lower residual stress in the centre member com-
pared to that with a lower ratio of cross-sectional area. This is clearly
demonstrated by the experiments of Dodd™ jn case of Al alloy castings in
sand mould (Fig. 7). The trend of result should equally hold good for
other materials, though numerical values may be different.
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F16. 7. Relationship between stress in centre member and ratio of cross section of centre
and outer members,

T.S. 32 in their attempt to establish that the reverse is also true,
increased the thickness of the centre member from very low values, As
éxpected, when the cross-sectional area of the centre member was lower
than that of the outer members, compressive residual stress was observed
i the centre member. As the thickress was increased, the compressive
stress decreased and finally became tensile, after passing through zero.

In materials which undergo phase changes in the solid state, accom-
pavied by volume changes, transformation stresses also arise along with
the thermual stresses. The magnitude of stresses remaining at room tempe-
rature depends on whether these phase changes, with the associated volume
changes, occur at higher temperatures wherein the stresses are continuously
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reduced by plastic deformation or whether the phase changes teke place
at & temperature when the material car take up higher elastic strains. Ag
Patterson and Dietzel point out, any alloying element which influences
the rate of transition of the elastic plastic behaviour during deformation,
alters the residual stresses also. .

Parkins and Cowan® conducted a series of elegant experiments to undep
stand the mechanism of residual stress formation in sand castings. The rec.
tangular framework castings were heated and then cooled under conditions
which would have been existing ir a sand mould. Differential cooling was
obtained by winding the members with suitably thick asbestos rope.
The temperatures of centre member and outer members were monitored
while cooling down from different temperatures. They were able to
establish 2 linear relationship between the final residual stress and the
maximum temperature difference. For non-ferrous alloys it was a mone-
tonic increase, whereas for cest iron at a temperature difference of about
180°C, a sharp increase was observed (See Fig. 8). This discontinuity
is associated with the Arl transformation. The experiment also brought
out the fact that transformation taking place in one portion was able to
plastically deform another part. When they cooled the samples from
730°C or below, the transformation in zll the three members took place
urder cooling conditions which are similar, and corsequently had no effect
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on the final velue of residual stress. However, while cooling from higher
temperatures, the deformations associated with the higher temperatures are
not completely reversed, which adds to the final value of stress.

Now coming to mould hindrance, as in the case of phase transfor-
mations, the final values of residual stresses are altered only if sufficient
temperature difference existed while cooling so that one part plastically
deformed compared to the other. Parkins and Cowan® did a series of
experiments with rectangular grid castings of different materials using sands
of different strength. They summarise the results as follows: In non-
ferrous alloy frameworks, the stresses may be entirely attributed to the
emperature differences developed while cooling. In grey irom castings
the contributions due to phase transformations and sand hindrance may
be of the same order -as that due to temperature differences.

T.8. 32 did experiments on cylindrical samples with heavy flanges at
each end, cast in horizontal position. After removing from the mould,
change in length occurred, but no residual stress could be observed. This
confirms the earlier arguements that elastically balanced strains should
disappear. C ‘

RELIEF OF RESIDUAL STRESS

. Do we want to remove the residual stresses complétely ? The answer
18 we would like to remove the dangerous residva) stresses. One should
be clear as to the requirement. Ts it just the removal of locked-in stresses
that is desired or is it the distortion which one wants to avoid. From earlier
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times it has been a practice to store the castings out of doors for “ weather
ing ”, by which it was thought that the casting acquires dimensional stahi
lity. Even now thc common recommendation one comes across is rougk
machine, age, and finish machine.

If the aim js just reduction of residual stresses, thermal annealing
presents itself as a proven technique. But considering the ability of the
casting to resist further distortion onc has to consider the stress relaxs-
tion resistance also. According to Novichkov?®? it is necessary to consider
the potential energy levels in addition to stress level and stress relaxation
resistance.

The two traditional methods of reducing residual stresses are:
(i) Scasoning or weathering (natural ageing),
(ii) Stress-relief annealing.

Three more techniques are also beiﬁg employed andfor investigated
nowadays. They are:

(iii) Thermal shock,
(iv) Vibration and

(v) Static overloading.

(1) Natwral ageing

There is controversy as to the magnitude of stress relieved by this
process. However, everybody agrees that the magnitude is small, but what
is important, a certain dimensional stability is obtained. Siress-relaxation
resistance is increased a bit. According to Russel®!, weathering for four
months relieves stress by about 15%. The experiments by Tottle? and
Hallet™ proved that weathering didn’t relieve any stress, which ageing coulds’
achieve. Hallett and Wing®® in their experiments with different types of
iron were able to observe a maximum of 10%, stress-relief by prolonged ageing.

(ii) Stress-relief annealing

This method has been in practice from very early days. The temperature
to which particular materials are to be heated can be found from the hand-
books. Still it is worthwhile 1o recall some of the salient features brought
forward by research workers. As the temperature is increased, no doubt,
the stresses are relieved in a shovt duration; but at the same time strength
: and hardness come down. This is undesirable. One should use tempers-
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wres which reduce the stress considerably, but does not bring down the
mechanical properties. In case of iron castings there is one more factor to
te taken into account. If the temperature reaches the lower limit of graphi-
fisation range, the accompanying expansion may create new stress. The
temperature chosen must be higher than when the plasiic deformation2s
begins. This temperature for grey iron js between 350 and 450° C.

Many authors think that anpealing above 550° C may result in a change
of structure and deterjoration of mechanical properties. Russel experi-
menting with various types of iron, both inoculated and uninoculated,
observed no relief of stress up to 400° C, temperatures in excess of 525°C
were required to telieve 50% or more of residual stress, even at 600° C the
restdual stress was not completely relieved. At 600° C he observed a fall-
ingoff of Transverse rupture strength. His recommendations are: rough
mechine—anneal at temperatures between 550 and 600° C—allow as much
time as possible before finish machining.

The rate of heating and coolirg are important. If high, especially in
complicated shapes, there is a risk of failuie. Experiments showed that
itis not actually the rate of heating or cooling that is important, but the
uniformity of heating or cooling. Zeppelzauer and Brezina® recommend
the rate of cooling not to exceed 30 to 40°hr. Simple shapes should be
cooled in furnace up to 300°C and complicated shapes up to 100°C.

Kasch and Mikelonis™ estimeted the stress relief obtained by employ-
ing various heating cycles: (a) very fast heating rate, slow and fast cooling
rate, (b) slow and fast heating rvates, slow and fast cooling rates. In (a)
they czme to the conclusion that a cooling rate of 100° F/hr was optimum.
The disastrous consequences of non-uniformity in heating rate was clearly
thown by their experiments on grid castings. When the heating rate was
highly non-uniform the grids cracked.

Alloying increases the temperature required for stressrelief. Some
associate this with the carbide stabilizing influence of the alloying ele-
ments.  Foi example Cr, Mo, Ni ard V shift the beginning of plastic defor-
mation to higher temperatures. Since Cr and Mo retard the decomposition
flf cementite at high temperatures, it is possible to remove residual stresses
1 alloy cast irons with these elements at high temperatures without affecting
the mechanical properties adversely.

., The temperatures recommended by different investigators are slightly
diferent.  Hallet and Wing obtained 82% and 95% relief when annealing

LiSe~11



348 C. BALASINGH ef al.

STA/8 cast iron at 600 and 650° C respectively. For centrifugal cast 5ron
829 2t 600°C and 979/ at 650° C. For 33} Cr cast iron the relief obtajned
at 600°C was between 10 and 25%,. At 650° C they obtained a stress reliet
of 90%. For Ni-esist at 600°C relief of 357 and at 650°C 83% were
observed. In case of 33%] Cr castiron, amneeling increased the tensile
strength slightly. But the tensile strength of Niresist was found to
decrease by about 10%.

Zeppelzauer and Brezina? feel that the classification of grey cast iron
into unalloyed, low-zlloyed and high-alloyed, for the purpose of therma)
stress-relief treatment is inadequate. On the basis of their investigations
they classify and iecommend temperatures as given in Table I, The
results given in a handbook are also included for comparison.

Tasle I
sl Classificetion Temp. required for Data given in
No. stress reduction of VDG leaflet

80%, 90%; -
in °C

1. Unalloyed 550 590 500 to 550
2. Low alloyed with

Cr or Nior Sn 565 595 550 to 600
3. Low alloy with Cu or Mo 590 615
4. High alloy with Cr or Ni 595 625 600 to 650

S.G. iron has 2 higher residual stress. Transition occurs in the tempe-
reture range 500-600°C. According to Zingg'? at a temperature of
530° C considerable stress reduction takes place. Some books recol-
mend 2 temperature of 680°C. But at this temperature hardness ad
tensile strength are reduced. For ferritic S.G. iron the temperature rang
should be between 585 and 615° C, whereas for pearlitic S.G. iron, betwee?
570 and 595°C. In case of ferritic iron, annealing results in 2 IoweringOf
bardness and UTS values, but increase in Young’s modulus and elongam
This is atiributed to the dissolution of the small fraction of pearlite i 8¢
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structure.  In case of pearlitic SGiron, E increases slightly, hardness and
UTS values are altered very negligibly. No change in structure was
observed.

Residual stresses resulting from compositional and structural hetero~
geneity in castings cannot be removed by thermal annealing.*

(iii} Thermal shock

Thermal shock method consists in either rapid heating or 1apid cooling
or both, In natural ageing, stress is relieved to a sm:ll degree, and stress
relaxation resistance increased slightly. Regular high temperature anneal-
ing brings down the level of residual stress drastically, but unfortunately
the stress relaxation resistance also comes down. Subsequent machining may
cause renewed distortion in both the cases. In this point the thermal shock
method scores over the other two. Thermal shock raises the stress relaxa-
tion resistance considerably so that subsequent machining may not cause
renewed distortion.

Kosowskil? puts forward two more points in favour of thermal shock.
In regular thermal annealing partial decomposition of the cementite can
take place, which lowers the mechanical properties. Another point is the
lime factor,

Rapid heating causes permanent elongation of the casting with thicker
sections and contractions of those elements with thinner sections. Rapid
cooling causes deformation in the opposite direction. The rapid cooling
process reduces the time necessary for vepeating the process. Kosowski
heated the castings in a muffled furnace to temperatures of 500, 600, 700
and 800° C respectively. After a holding time of about 5 to 8 mits the
castings were taken out from the furnace and immersed in water at 20°C.
This cycle was repeated till appreciable reduction in stress was obtained.
As the tempeiature of the furnace (and hence that of the casting before
quenching in water) was increased, the number of cycles required to relieve
the stresses decreased. It was found that at a furnace temperature of 500° C
(casting temperature 300° C) even after 50 cyoles, appreciable amount of
stress remained, whereas at a furnace temperature of 860° C (CT 700°C)
almost complete relief of stress was observed after 3 cycles. These experi-
mets were done with rectangular grid castings. According to him for
sach shape of the casting, the heating and cooling rates, and the number
of cycles should be established separately.

. Gerchikov and Kotsyubinskii®® had done = fairly detailed analysis regard-
ing the stress-relief by the thermal shock method. They established that
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the thermal shock method can be applied to 2 fairly wide range of castings,
They bring in the overload factor K which turms out to be one of the meg
important parameters controlling the dimensional stebilisation of castings
by the thermal shock method. K is the ratio of the stress induced by
thermal shock to the initial stress. A linear relationship was obtajned
between the 1eduction in distortion and the K factor. At a2 K valye of
1-5 to 2-0 the subsequent stress relaxation was reduced to 1/10th its original
magnitude. Surprisingly, the temperature he employed was between 200
and 400°C only, whereas Kosowski used higher temperatures.

To get the correct K factor, it is necessary to select the correct furnace
temperature and holding time. The zuthors give 2 set of nomograms
so that the required conditions can be selected with ease. They have
indicated how to proceed methodically.

The method cen be applied safely to castings conteinirg residusl
stress not exceeding 259 of the tensile strength of the iron in bending
If it exceeds this value, there is 2 likelihood of casting failure during the
thermal shock treatment. In those cases they recommend a low tempe-
rature annealing to bring down the residual stress level to less than 259
tensile strength, to precede the shock treatmert. The authors subjecteda
large machine casting to this treatment and didnt observe any distortion,
The nomograms, etc. developed are useful for small and medium castings
weighing up to 3 to 4 tonnes. For large castings further considerations
are mecessary.

(iv) Stress-relief by vibration

The advantages of using the mechanical vibration for the relief of
slress are :

(¢) Ecomomy : The cost of vibratory equipment is low compared
furnaces, especially when the parts are of large dimension. Working cost
is 2lso less for vibratoy equipment compared to the equipment for thermal
stress relief.

(by Time factor : The stress telief by vibration is accomplished in 2
short period compared to thermal stress relief.

(¢) It occupies less floor space and is easily poriable.

(d) No oxide scale formation on the components stress-relieved.

(e) No reduction in strength and hardness values.

Glancing through the above-mentioned advantages, one may be
tempted 1o exclaim, go in for vibration omly, why resort to the old {hermal
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snnealing at ali! But the research on this particular method has not
rezched such a stage that one can pick up a2 component, subject to vibra-
jiors as prescribed and then expect for 1003; stress-relief. Conflicting
opinions are expressed in the literature—one group saying that the stress-
relief is complete, while the other group contend that they could not detect
any relief of stress at all. A parallel to this car be found ir the case of
selief of Tesidual stresses in weldings by the vibration technique. Here also
same controversy exists.

One of the earliest investigetions was by McGoldrick and Saunders.3?
They were not able to establish the amount of stress-ielief obiained by
vibration, however, 2 significant increase in dimensional stability was ob-
served. The third report®® of the Subcommittee T.S. 32 was entirely devoted
to vibratory stress-relief. They took triangular grid castings (grey cast
tron) and subjected them to vibration by three different methods (i) Preumatic
vibrator—33587 cycles/min, (i) Vibrator used for knock-out grid—1000
cycles/min, (iii) Barrelling—32 rev/min. In nocase did they observe any
stress relief. In another series they used loaded jigs instead of grids. Here
also they didn’t observe any relief of stress. They concluded that no useful
relief of stress could be achieved by the simple vibration treatments applied.
However, the scatter in the numerical values is too high, so that one_has to
tzke the conclusions arrived at with caution. Also the mode of mount-
ing the grid is not indicated. This is very important as will be shown later.

Gut mounted triangular grid castings of grey iron with about 25 tons/
in.? tensile residual stress in the centrel member on an Amsler pulsator.
hitizlly & compressive load of about 5 tons was applied. A further fluctuat-
ing stress of 1-4 tons/in.? was superposed at a frequency of 151C/S. He
determined the residual stress-relief as a function of frequency, number of
vibrations, fluctuating load and initial compressive stress. In mo case did
he observe any decrease in residual stress. On the contrary he observed
an increase in stress as a function of the fluctuating load.

Kasch and Mikelonis?® subjected G-66-2B test castings of iron to sonic
vibration. The castings were rigidly clamped to a steel plate to which the
vibrator was attached. The frequency used was 160 C/S. They observed
2 siress-relief of the order of 6 to 10%, compared to 749 stress reduction
if the castings were treated at 1100° F, They also made bigger size castings
#nd sabjected them to resonant vibration. There too they didn’t observe
2y appreciable reduction of stress. However, from their description of
camping, it seems that the casting was simply executing 1eciprocatory
motion, without being subject to any flexural stress. In that case, ome
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cannot expect any relief of stress. Buehler and Toenshoff® came 1o
conclusion that vibration is incapable of removing residual stresses,

The approach by Kotsyubinskii ef al,®® Adoyan efal.® 30 ang yg.
shin® seems to be more pragmatic. Citing the controversy existing in the
literature they conducted some experiments to clarify the situation. They
didr’t use specimens which contained stresses in the as-cast condition
But stresses were introduced externally. The shape of the specimens used
by Kotsyubinskii and Adoyan is shown in Fig. 6. The distance between
the cantilever arms were measured accorately, and change in this distance
is used to compute the relief of stress.

Kotsyubinskil ef al.2® did experiments on Sch 21-40 cast iron. They
found that the relief of stress was strongly dependent on the amplitude éf
vibration; higher the amplitude, higher the stressrelief obtained. How.
ever, one cannot go on increasing the amplitude since fatigue failure can
start when the limit is cressed.  The bulk of the stress reduction takes plhce
during the first hour; extending the time leads to further reduction, but
the amount of stress relieved is relatively small. It is better to limit e
time to 1 or 13 hours when 909 of siress reduction corresponding to the
particular experimental conditions would have occurred. This obser
vation is validated by other investigators also, though some vibrate it as
long as 3 hrs. The manufacturers of the vibratory siress-relief equipment
recommend time of only 1 hr or below.

When the frequency was varied from 7,600 to 12,000 c¢/min at approxi-
mately constant amplitude, the relief remained same indicating that at least
in this range the effect is independent of frequency. It is dependent only
on amplitude and time. The maximmum stress relaxation obtained was
only about 25%. But the prime advantage is that, after vibration treat-
ment the component becomes stabilised. After the vibration treatment,
there is mo tendency to iedistribute the residual stress, whereas in speci-
mens not subjected to vibration treatment, the stress 1elaxation conti-
nues for long periods.

Adoyan et al®¥ also conducted experiments on same type of spec
mens. Their main aim was to establish the conditions to stress relieve speci-
mens with different initial stresses. They did not report how much stress
was relieved. Paramount jmportance was given to the distortion occuring
after vibration treatment at different conditions. The distortion measbre-
ments were continued up to 3 or 4 months.

In this context they introduce a parameter K called the overload faster.
The overload factor is defined as the ratijo of the vibration amplitude to the
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mitia} stress. 'The specimens were given different initial stresses, 6, 8, 10
ivzdhli kg/mm?. The vibration amplitude was =4 3kg/mm? so that the
;ercentage overload factor varied from 5 to 20 (Kfrom 0-5 to Q-z), .Vibra-
son time was 3 hr at a frequency of ?0 C/S. The plot of distortion vs
sime for the specimens treated this way is shown in Fig. 9. As the percen-
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tege overload factor increased from 20 to 50 (factor of 2-5)the subsequent
distortion reduced by a factor of 10. In their second investigation also
they found identical results. The surprising result is that in spite of differ-
ences in the initjial stress values and vibrational amplitudes, the distortion
curves correspond strictly to the K value. Whenever K > 0-45 there is
practically nmo distortion. Hence to fully stabilise the castings correct
choice of K is essential.

If the initial stress value is known, immediately one can fix the vibra-
tion amplitude to get the correct K value, subject to the condition that the
fatigne limit is not crossed. For this the authors classify the castings into
two groups: (@) the case where the residual stresses are below 0:25 times
the tensile strength, Here vibration treatment with appropriate overload
can be straightaway applied. (5) The case where the residual stress exceeds
0-25 times the tensile strength of the iron. Two alternative procedures are
recommended in such cases: (i) Apply the vibration amplitude above the
fatigue limit for a short duration. The time should be low. This procedure
may be necessary especially in castings with a high level of residual stress.
(i) Where the residual stresses are in the range 0-25-0-75 the tensile strength,
first subject the castings to thermal annealing treatment so that the resi~
dual stress is brought to the 0-1 to 0-25 temsile strength range. Then
subject them to vibrational treatment with appropriate K factor.
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According to Lokshin®® useful cffects of vibration are to be expecte
only when the object undergoes strain with every cycle of vibration, The
component should be clamped in such a way that it is free to deform under
elastic vibrations. The points of support should be as localised as possible.
If the component performs simply reciprocatory motion along with the
vibrator, no stress relaxation could be expected. Alloys with low relaxation
criteria will respond more readily to vibration treatment. Lokshin’s experi-
ments were mainly with aluminium alloy specimens. He observed signi-
ficant reduction in residual stress (up to 74%,) of components vibrated
under resonant conditions. According to him vibration treatment under
sub-resonant conditions is not that effective.

Now let us consider a case where the vibration was applied to 2 prote-
type casting. The part chosen by Skazhenmik? was the top table of 2
circular grinder of Sch 21-40 iron. The rough casting weighed 175kg
which came down to 118-5kg after machining. The slideways were
machined and finish ground prior to vibration ageing, leaving an allow-
ance of 0-3 mm for finishing. After vibrating under 3 different condi-
tions, the castings were set up on special racks for inspection and measure-
ment of distortion. Simultareously observations werc also carried out on
specimens () which were not given any treatment at all and (b) which were
subjected to thermal ageing. The distortion in untreated samples (naturat
ageing) continued for 18 momnths or more; in thermally aged samples it
continued for a period of 6-7 months whereas in samples subjected to vibra-
tion treatment, the distortion stopped after 33 momths. Thus for this
particular component, under the above-mentioned conditions of vibratior
treatment, the time required for the cessation of distortion was half that
required atter thermal ageing and a quarter of that required for natural
ageing.

The reasor for the coniinuance of distortion for an appreciable time
after vibration may be either due to insufficient application of the overlozd
factor or the method of clamping or both. Insufficient K will always b
a problem, so long as one does not know what the initial stress levelis.
This immediately brings forward one of the drawbacks of the method,
At least approximate knowledge of the residual stress is necessary to 2ppl¥
the correct amplitude. In those cases it is of jmmense help if the magni-
tude of residual stresses can be predicted from the geometrical shape of
the casting and the cooling conditions. A few attempts have been made
in this direction a4 45
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(v} Static overloading

In this method the component is loaded in the static condition.s2 The
direction of the applied load (called overload) should be in the same direc-
tion as the residual stress. Kotsyubinskii ef al*® comparing the static
overloading and vibration techniques, found out that for the same over-
joad, the percentage of stress reduced by vibration is higher than that
obtained by static overloading. However, the same degree of stress-relief
can be obtaired by increasing the magnitude of additional imposed static
load. The advantage of this method over the vibration techvique is that
one need not be haunted by the fear of crossing the fatigue limit. Tt is only
mecessary that the RS -+ static load should be within the static stiength
of the materials, which is high.

Static overloading, like in the casc of vibrational ageing, is work
hardened so that stress relaxation resistance is increased.®® In a casting
of complex shape, it is rather very difficult to estimate the stresses in different
sections and then apply static loading of the same sign as the residual stress
at different sections. The method doesn’t seem to be popular.

Novichkov?® summarises what different treatments achieve. The
parameters considered are residual stress level, stress relaxation resistance
and potential energy.

Process Residual Siress relax- Potential Remarks
siress ation resistance energy
Natural ageing Lowers RS Appreciably (?) Lowered
by 7-20% raised slightly
Annealing in Lowered by Decreased Lowered
the range 85-90% appreciably
5530-600° C
Heating in the Lowered Appreciably Lowered Practical
presence of raised ’ difficulties
clastic vibra-
tion
Thermal shock Lowered Increased Raised
Static over load Lowered but  Increased Difficulty in
#ad vibration amount case of com-
depends on plex castings
different para-
_ Ineters

LELS. 12
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Heatirg ir the presence of vibration bas all the good qualities, Though
beset with practical difficulties it may be worthwhile to explore this el
further. Novichkov recommends another procedure; thermal cycling in
the temperature range 200 to 280°C. According to him this is muek
more effective in giving dimensional stabilisation to the castings than anneg.
ing at high temperatuies.

Adoyan et al®® also recommend low temperature 220~300°C to gt
better dimensional stability.  They say, heat ticatment below 300°C
produces substantial strengtheping. Residual strsss is lowered by abou
8% only. )

Symming up, we see that different methods have different adyap-
tages. Though beset with practical difficulties, combination of two g
more methods seems to be more effective. Though the mechanism of
stress-relief by various methods is not clearly understood, it is legitimae
to expect the graphite particles to play some role in the relief of residual
stresses. The influerce of graphite particles on the plastic deformatior
of iron castings has been analysed in detail.*6-%

Some practical hints to produce stress-free castings

Rather than producing castings with high stresses and then subjecting
them to stresserelief treatment, the ideal thing will be to produce casting
without any or very low residual stress. The detailed analysis of causes
and the mechanism of residual formation are helpful in this regard. Also
a thorough knowledge of how the residual stresses are altered by different
parameters will help to choose conditions wherein residual stresses are
minimum.

It has already been established that temperature difference existing
in the casting while cooling is the main cause for the formation of residug
stress. Any step teken during casting to reduce this temperature difference
will result in a reduction of stress. One of the techniques usually adopted
is casting into hot moulds. T.S. 32 has found substantial reduction by
this procedurc. When (grey cast iron) cast into moulds at room tempe
rature, 200° C and 400° C residual stresses of 8-90 tons/in.?, 5-18 tonsfin.?
and 3-59 tons/in.? respectively were observed. Knock-out is already dis-
cussed. Other procedures are: using sand of high thermal conductivity
or metallic chills around heavy portions, running the casting through the
thinner portions, etc. Some of these steps may create other foundy
problems. So ome has to be choosy. Kotsyubinskii® has developed
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sister which will measure temperature at different parts of complicately
sl-mped castings and apply forced cooling wherever necessary.

CONCLUSION

The causes of residual stress formation seems to be fairly well urder-
stood, Due to a variety of Teasons it may not be possible to teke 2ll neces-
sary steps to elimirate residnal stresses durirg the casting stage itself.
Thus we are left with castings containing different amounts of stress, both
in magnitude and direction, which varies within 2 casting and from casting
tocasting. It becomes necessary to relieve these stresses. Though 2 number
of methods are being used, there are some limitations fo each method.
The mechanism behind stress-relief is pot understood very clearly. This

requires further study.
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