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The heat treatment of the heat-treatable aluminium alloy forgings includes cooling from the solutionising tempe-
rature. After heat treatment, residual stresses remain in the forging, which are due to temperature gradients du-
ring cooling. The effect of these residual stresses on the forging properties can be significantly influenced by other
technological operations, including artificial aging, machining, and surface treatments. The influence of the
surrounding environment can also play an important role. Because in connection with the residual stresses after
heat treatment we often encounter cracks in forgings, this paper is devoted to an overview of factors that influence
cracks. The typical examples of damaged forgings are discussed and explained the circumstances that caused

cracks under the influence of residual stresses.
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1 Introduction

Heat-treatable aluminium alloys are widely used in
automotive for demanding components. In the field of hot
forming alloys, they are used for rolled products, ex-
truded profiles and rods and die or open die forged prod-
ucts. Final properties are achieved by heat treatment,
which includes solutionising soak at a high temperature
followed by rapid cooling above a critical rate. When
cooling due to temperature gradients, residual internal
stresses remain in the products. In the case of sheets,
plates and pressed products, these residual stresses can be
relatively easily eliminated or minimized by a small plas-
tic deformation. Since this is not always possible in the
case of forgings, we often encounter the consequences of
these residual stresses in practice. Particularly in the case
of larger forgings, the complete removal of residual
stresses and their consequences is difficult. Therefore it is
necessary to take into account the residual stress and
adapt the technological parameters of the production ac-
cordingly. Some heat-treatable alloys are less sensitive to
these stresses, some alloys are more sensitive. Among the
less sensitive are Al-Mg-Si alloys (6XXX), the more sen-
sitive are alloys containing copper (2XXX, 7XXX). The
stresses generated during cooling from the solutionising
temperature cause changes in the shape of the product and
after cooling the residual stresses are a potential source of
cracking. The occurrence of these cracks depends on a
number of other technological factors. This paper deals in
detail with all the major factors that influence cracks in
forgings and illustrates the effects of these factors on spe-
cific cases of forgings of 7075, 2024 and 2017 alloys.

2 Factors influencing residual stresses in for-
gings

In contrast to the residual tensile stresses that occur on
the surface of the products during cold plastic defor-
mation, the residual stresses after heat treatment are com-
pressive on the surface and tensile inside. Since these re-
sidual stresses can reach the yield strength, they can lead
to cracks and thus to product failure. The formation of

cracks under the influence of residual stresses is influ-
enced by a number of other factors, including the method
of cooling from the solution temperature [1], the shape
and size of the forging, the anisotropy of the structure [2],
the type of alloy, the choice of heat treatment parameters
[3,4, 5], machining, corrosion environment, and time fac-
tor. In addition, the basic characteristics of the influence
of these factors are presented in terms of forging technol-

ogy.
a) Cooling from the solution temperature is usually

carried out in water. The cooling rate depends on
the water temperature and the shape and size of
the forging. As the water temperature decreases,
the residual stresses also increase. Their removal
or minimization is possible with forgings either
by plastic deformation in the die or by increasing
the water temperature. The artificial aging tem-
perature is low to substantially eliminate internal
stresses [3], or an extremely long time at the
aging temperature is required [4]. The influence
of cooling water temperature on residual stresses
after heat treatment has been discussed by many
authors in aluminium alloys, especially in the
case of large forgings. In the paper [1], the aut-
hors deal with airscrew hub forging of 2014 T6
alloy. In the work, reference is made to US spe-
cification MIL-H-6088G for heat treatment of
forgings. The specification recommends a water
temperature of 60 to 82 °C for cooling from so-
lution temperature (496 to 507 °C). The greatest
surface compressive stresses in the range of 112
to 148 MPa were measured at a water tempera-
ture of 60 °C, which is at the Ry limit of the
material at the time of cooling. In the paper [6],
the authors dealt with the measurement of inter-
nal stresses after heat treatment of forged block
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b)

1000x550x24 mm from alloy 7449 (AlZn-
MgCau, solution temperature 470 °C). The resi-
dual tensile stresses in the centre of the body re-
ached the value of 350 MPa. For larger forgings,
it is therefore necessary to choose a water tem-
perature above 40 °C, or use higher temperatu-
res, or in extreme cases boiling water. The fa-
vourable effect of higher water temperature is to
minimize the shape changes of forgings. When
increasing the water temperature and thus decre-
asing cooling rate, it is necessary to count with a
negative influence on mechanical properties of
forgings, eventually also on their corrosion re-
sistance. In some cases, it is advisable to replace
the water with another medium to minimize re-
sidual stresses [7, 8]. Uneven cooling of the for-
gings can occur under conditions when larger
numbers of forgings in several layers are stacked
one above the other in cooling containers. The
forgings are otherwise cooled at the bottom and
periphery of the container and otherwise for-
gings in the middle of the container. This may
affect the magnitude of internal stresses in the
forgings depending on its location in the conta-
iner.

The shape and size of the forging have an impor-
tant effect in cooling from the solution tempera-
ture. The magnitude and distribution of these re-
sidual stresses depends on the cooling rate and
the shape of the product. In the case of round
bars or products of regular shapes, the distri-
bution in the bulk of the product is symmetrical
(Fig. 1, 2), in the case of more complex shapes
such as forgings, the distribution of internal
stresses is uneven. The uneven cooling rate in
the forging parts therefore leads to an inhomo-
geneous distribution of the residual internal
stresses in the bulk of the forging. In the case of
parts with complex shapes, with both thin and
thick sections, residual stresses can lead to sig-
nificant deformation and change in the dimensi-
ons of the forging.

Machining of the forging is the most common
operation, which is the immediate cause of
cracks. Remove of surface layers from the for-
ging leads to redistribution of internal stresses.
In this way, tensile stresses can be applied to the
surface, which determine the occurrence of
cracks. If stress concentrators arise in the area of
tensile stresses during machining, suitable con-

d)

ditions for crack formation are created. The for-
mation and propagation of cracks can then be ac-
celerated by inappropriate structure, operational
loading of the part or the influence of the
surrounding environment.

The type of alloy and the choice of heat tre-
atment parameters and corrosive environment
have a fundamental influence on the design of
the component due to its conditions of use. Some
aluminium alloys are highly sensitive to Stress
Corrosion Cracking (SCC). Therefore, residual
internal stresses also play an important role in
these alloys. High-strength alloys of the 7XXX
series (7075, 7010, 7050) and alloys of the
2XXX series (2014, 2017, 2024) are sensitive to
SCC. An example of the most sensitive alloy is
7075 alloy. It is the strongest commercially used
aluminium alloy. It achieves maximum mecha-
nical properties in the heat treatment state T6,
i.e. in the state where it has the worst corrosion
properties [9]. Therefore, if the component is ex-
posed to a corrosive environment, it is necessary
to select other artificial aging parameters (T73,
T74 or T76). However, a slight deterioration of
the mechanical properties due to aging must be
taken into account in this choice. In addition to
the chemical composition, the state of heat tre-
atment and the state of stress, the type and ani-
sotropy of the structure have a significant influ-
ence on the SCC resistance.

Anisotropy of the structure has a significant role
in corrosion resistance. In the case of forming
aligned structures, the resistance to SCC is sig-
nificantly affected and is directionally depen-
dent. In cases where the residual tensile stresses
are perpendicular to the fibre structure or flat
recrystallized grains, the resistance to SCC is
minimal. In Tab. 1, the SCC resistance rating of
7075 alloy in two heat treatment states is taken
from [2]. The rating is based on a division into 4
groups marked A to D. The best resistance is
marked A, the worst D. This evaluation shows a
significant influence of heat treatment and ori-
entation of the structure on SCC for various ty-
pes of wrought structures of 7075 alloy. The
choice of an over-aged state with lower mecha-
nical properties prefers to T6 temper.

The “time factor” refers to the time periods
between cooling from solution temperature and
artificial aging, the time between production and
delivery of the forging to the customer (storage),
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the time to machining and surface treatment, and
the time to use of product. At these periods, the
presence of internal stresses can cause or acce-
lerate crack propagation. In these cases, there is

Tab. 1 Classification of resistance of 7075 alloy to SCC [2]

often difficult to predict the time to crack forma-
tion. Therefore, these types of defects can have
a large time scatter.

Alloy/Temper Orientation Rolled products Rods Extrusions Forgings
L A A A A
7075 T6 LT B B B
ST D D D D
L A A A A
7075 T73 LT A A A A
ST A A A A
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Fig. 1 Residual stresses after heat treatment of 44.5 mm
diameter Al alloy rod [3]
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Fig 2 Measured residual stresses after heat treatment of
forged 7050 T74 alloy block [10]

3 Crack formation in forgings of heat-treatable
aluminium alloys

The following paragraphs give examples of 7075,
2024 and 2017 forgings that have been cracked due to re-
sidual stresses after heat treatment.

3.1 Die forging of a bicycle wheel hub from alloy 7075

In the production of bicycles, heat-treatable alloys are

used not only for wheel frames (6061, 6069, 7005), but
also for other components. One of the stressed parts is the
wheel hub. In order to produce a hub with the highest pos-
sible mechanical properties, a 7075 alloy forging in the
T6 temper was selected (Fig. 3). Longitudinal cracks
formed in the wheel hub after heat treatment and machin-
ing at the constructional notch (Fig. 4). The combination
of factors related to residual stress after heat treatment has
been shown to cause cracks. The combination of the in-
ternal stress, the heat treatment applied to the corrosion-
sensitive state, the structure at the crack position and the
design notch led to the SCC crack. Structure analyses
have shown that the critical point for crack formation is
the parting line of the forging, where the structure is un-
favourably oriented (Fig. 5). In the parting line of the
forging, an intensive material flow occurs and a signifi-
cantly uneven coarse-grained recrystallized structure is
formed. The orientation of these grains is such that the
peripheral tensile residual stresses after heat treatment are
the most sensitive combination of structure and stress for
SCC formation. Corrosive attack of grain boundaries is
also evident around the fracture surface (Fig. 6). In addi-
tion, the formation of cracks was affected by machining,
where internal stresses were redistributed and tensile
stresses occurred on the workpiece surface. Once the sur-
face layers are under tensile stress, their sensitivity to
SCC increases significantly. If an anisotropic structure is
improperly oriented at these points, then there is a high
probability that after some time a corrosion-induced crack
will be initiated and possibly expanded under the influ-
ence of existing internal or operating stresses. The time
of stress corrosion crack formation can vary over a rela-
tively wide time span, depending on the above mentioned
factors. This was indicated by the fact that some of the
cracks appeared in the wheel hub during the final inspec-
tion and some cracks occurred later before assembly or
when the finished product was stored (Fig. 4).

The crack analysis thus showed that when manufac-
turing the wheel hub of alloy 7075, due to the corrosion
sensitivity of the T6 temper, it is necessary to increase the
temperature of the water bath to 60 °C and to change the
artificially ageing parameters to overaged T73 conditions,
even at the cost of lower mechanical properties.
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Fig. 6 Corrosive attack of grain boundaries around the
fracture area

3.2 Open die forging of propeller hub from alloy 2024

The hub of propeller blade, from alloy 2024, is one of
the larger forgings that cannot be forged in the die. Since
they are forged from the cast bar, they are first annealed
and thoroughly forged by cross-forging and upsetting
with the punching of the mandrel. The forging is partially
machined to reduce weight prior to heat treatment. Even
after roughing, it is a robust forging, i.e. in terms of heat
treatment, a forging in which relatively large temperature
gradients arise during cooling from the solution tempera-

Fig. 4 The crack of the wheel hub at the parting line of
the forging

0.5 mm

ture. Uneven heat dissipation therefore leads to signifi-
cant residual stresses. For heat treatment, it is therefore
necessary to use a water temperature above 60 °C and to
do so in a defined manner. Despite these precautions, the
integrity of the forging may occur due to high internal
stresses. In Fig. 7 shows a case in which a heat-treated
and partially machined forging has been broken while
machining.

& il

Fig. 7 Heat treated and partially machined propeller
hub forging cracked during CNC machining

640

indexed on: http://www.scopus.com



August 2019, Vol. 19, No. 4

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

The crack formation and its gradual expansion
occurred due to the notch effect that occurred during ma-
chining in the area of tensile stress (Fig. 8). The high level
of residual stresses is indicated by the expansion of the
crack to almost the outer surface of the forging. Minor
intergranular cracks were observed on the machined sur-
face near the main crack (Fig. 9). The dendritic segrega-
tion (inhomogeneity of the chemical composition) is evi-
dent in the grains, which indicates incomplete annealing
of the cast bars. The preserved and undeformed cast
structure and the locally increased amount of interme-
tallic phases at the grain boundaries thus significantly
weaken the grain boundaries and are then an easy site for

the formation and propagation of cracks.

Thus, the reason for the failure of the analysed piece
of propeller hub was probably the concurrence of the in-
sufficiently homogenized initial structure of the cast bar,
the undeformed structure in the middle part of the forging
and the high level of residual stresses. Although in the
case of large forgings it is always necessary to count with
a certain level of residual stresses after heat treatment, it
is necessary to minimize these stresses by maintaining a
sufficiently high cooling water temperature (min. 60 °C)
and to ensure a stable position of the forging while cool-
ing from the solution annealing temperature to ensure
uniform residual stresses.

Fig. 8 The fracture surface of the hub with the location of the crack formation and marked the area from which the
crack expanded. Crack propagation is apparent.

Fig. 9 Intergranular minor crack with undeformed cast
grains

3.3 Propeller blade die forging from 2017 aluminium
alloy

Aluminium alloy 2017 propeller blades are technolog-
ically demanding die forgings. Due to the length of the
forging and the shape changes along the forging, uneven
residual stresses occur during cooling from the solution
annealing temperature. These residual stresses lead to de-
formations of the forging. Therefore are forgings straight-
ened in the die after heat treatment. Nevertheless, cracks
may occur as a result of residual stresses. When cooling,
compression stresses are created on the surface, tensile
stresses are in the middle of the forging. The unevenness
of these stresses at different locations of the propeller
blade is related to the changing cross-section of the pro-
peller blade and different heat dissipation from the forg-
ing. Residual stress redistribution occurs during die
straightening and subsequent machining. The original
tensile stresses inside the forging thus reach its surface. A
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typical position of the crack is at the blade root (Fig. 10).
The crack is formed in the longitudinal axis in the thread
of the rotationally symmetrical root. The crack does not
continue to the leaf. The formation of a crack is also in-
fluenced by the structure, which occurs during forging in
the die. The crack is always oriented so that it points to
the region of the flash in the parting plane of the die forg-
ing. The formation and propagation of the intergranular
crack (Figs. 11 and 12) are thus facilitated and controlled
by the nature of the anisotropic recrystallized structure
where the grain boundaries in the region of the parting
plane are unfavourably oriented towards residual internal
stresses. Since in the direction perpendicular to the elon-
gated flat grains lower mechanical properties and lower
plasticity have to be taken into account, the grain struc-
ture determines both the location and the direction of

crack propagation. The region of the flash in the parting
plane is therefore a critical point for the preferential crack
formation. A crack can occur either during or after ma-
chining. The time to crack formation after machining can-
not be estimated in advance. The crack may be formed
immediately or during storage. Both the magnitude of the
internal stresses and the anisotropic structure and the in-
fluence of the storage environment play a role in the crack
formation. AlICu4MgSi (2017) alloy is an SCC sensitive
alloy. Minimizing residual stresses from heat treatment is
therefore essential to prevent cracking after machining.
Such cracks can only be prevented or reduced by main-
taining a sufficiently high cooling water temperature and
by providing a defined way of cooling the propeller blade
when immersed in water.

Fig 10 Propeller blade forging (a) and detail view of the threaded root with crack on the surface (b)

Fig. 11 The crack in the transition of the threaded root
into the blade

p *&v—"
A Ve 3

Fig. 12 Intergranular crack propagation
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4 Conclusion

The contribution is focused on residual stresses and
cracks arising after heat treatment of forgings from heat-
treatable aluminium alloys. In connection with the choice
of alloy type, influence of heat treatment parameters, ma-
chining and environmental influence, the causes of cracks
in real forgings from 7075, 2024 and 2017 alloys are dis-
cussed.
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