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The effect of elevated-temperature reverse
cyclic loading on fracture toughness of
aluminium alloy type 2618

D. BOBROW, A. ARBEL, D. ELIEZER
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Precipitation-strengthened aluminium alloy type 2618-T61 was subjected to symmetric and
tension—hold reverse strain-controlled cyclic loading at 1560 °C. The symmetric cyclic loading
did not affect the resultant fracture toughness of the alloy but the tension-hold loading did.
The reduction in fracture toughness was related to weakening of the grain boundaries by the

prior tension—hold type of reverse loading.

1. Introduction

Modern designs of encrgy-generating installations
which operate at high temperatures use information
related to tensile, creep, low-cycle and high-cycle fa-
tigue, fatigue crack propagation, time-dependent
crack growth and fracture toughness- of candidate
materials to be used in such installations. High-tem-
perature mechanical loading can introduce micro-
structural changes in crystalline materials such as:
(1) nucleation, growth and migration of new phases;
{2) dimensional and morphological changes, migra-
tion and disappearance of old phases; (3) grain-bound-
ary sliding and migration; (4) formation of subgrains;
(5) changes of dislocation density, configuration and
distribution; (6) nucleation, growth and coalescence of
grain-boundary voids; and (7) migration of undesir-
able elements to grain boundaries. Some of the afore-
mentioned microstructural changes are interdepen-
dent, some will take place due to mere exposure to
elevated temperatures, while others may be accelera-
ted by high-temperature loading and some will not
occur at all without mechanical loading. Some of the
above changes may cause reduction in fracture tough-
ness of materials to dangerous values well below those
which these materials had before being put into ser-
vice. Thus, a situation may arise whereby the fracture
toughness of materials, which serve at high temper-
atures, may become dangerously low long before these
materials exhausted their lives as determined by other
life~-prediction methods.

It was therefore suggested that safe life of materials
which serve while loaded at high temperatures should
be determined by their resultant fracture toughness
rather than by other conventional methods [1]. Two
exploratory investigations showed that the formation
and coalescence of grain-boundary voids caused detri-
mental reductions in fracture toughness of a solid
solution and precipitation-strengthened nickel-base
superalloys long before they approached the end of
their creep lives [1, 2]. Intergranular and intragranu-
lar carbides which formed during the early stages of
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exposing 316 stainless steel to a high-temperature
soak and to creep, were considered as the main contri-
butors to the observed reductions in uniform and total
tensile elongations and to the decrease in impact
energy needed to fracture Charpy keyhole specimens
[3]. Constant and cyclic tensile creep did not cause
any formation of voids along grain boundaries of a
properly precipitation-strengthened aluminium alloy
type 2618 (RR 58) [4]. The observed slight reduction
in fracture toughness of this alloy was related to the
increase of dislocation density which took place dur-
ing the preceding creep process [4]. Grain-boundary
voids were formed during creep and caused con-
siderable reduction in fracture toughness of the same
aluminium alloy when it was heat treated initially in
such a' way so that precipitation-free zones formed
along its grain boundaries [5]. The purpose of this
work was to study the effect of elevated-temperature
reverse cyclic loading on the resultant fracture tough-
ness of a model material for strong, properly and
uniformly precipitation-strengthened polycrystalline
alloy which does not form grain-boundary voids dur-
ing constant or cyclic tensile creep loading.

2. Experimental details

The commercial precipitation-strengthened alumi-
nium alloy type 2618-T61 was selected for this study.
The alloy was received in the form of extruded
152 mm diameter stock bar. Segments were cut from
the bar, solution treated for 2 h at 525 °C followed by
a quench into water at 75 °C and then aged for 20 h at
200 °C. Low-cycle fatigue-type specimens, as shown in
Fig. 1 were machined from the heat-treated alloy. The
location and orientation of all the specimens were the
same with respect to the original 152 mm diameter
extruded stock bar of the alloy from which all the
specimens were machined. This procedure was em-
ployed in order to minimize any variations in mechan-
ical behaviour due to any eventual anisotropy and/or
inhomogeneity in the original stock bar. The location
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Figure 1 Specimen for reverse cyclic loading with the secondary
specimen for fracture toughness (dashed lines).
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of the secondary specimen, which was machined from
the original fatigue-type specimen for studying the
resultant fracture toughness of the alloy, is also
depicted by the dashed lines in Fig. 1.

Strain-controlled reverse cyclic loading, with the
aid of elevated-temperature longitudinal extensometer
of 25 mm gauge length, was carried out in a servo-
hydraulic testing machine inside a three-zone furnace
where a temperature of 150 + 1°C was maintained.
This temperature was selected because it did not seem
to affect either the morphology and the size of the
precipitates in this alloy or its tensile properties and
fracture toughness after soaking for periods longer
than the durations of the reverse cyclic loading [4].
Thus, we reduce the number of microstructural
changes which take place during loading. Two types of
loading cycles were employed, both having a total
strain range of 1.2%. One cycle was strain-symmetric
with equal loading and unloading rates of 24
x 1072 s™1. The second type of cycle had the same
loading and unloading rates as before, but it also
included an additional hold-time in tension. A two-
notch three-point bend fracture toughness specimen
was machined from each original reverse loading spe-
cimen. A sharp fatigue precrack was introduced at the
root of each of the notches in the bend specimens. The
dimensions of the bend specimens and the method of
their loading are depicted in Fig. 2a. The load, F, was
applied at a constant mid-point deflection rate of
1 mmmin~!. A typical load versus mid-point deflec-
tion curve is shown in Fig. 2b. W/ A (in Fig. 2), which is
the amount of energy, per unit area of the remaining
ligament, spent to bend the pre-cracked specimen
beyond the peak of the load—deflection curve and
down to a load equal to one-tenth of the peak load,
was adopted as the measure of the resistance of the
alloy to extension of sharp cracks or its fracture
toughness. This measure was used because it had
shown good correlation with fracture toughness as
determined from valid specimens made of similar
aluminium alloys [6]. Fracture surfaces of the second-
ary specimens were examined by scanning electron
microscopy and the bulk of the alloy was studied with
the aid of transmission electron microscopy.

3. Results and discussion
Figs 3 and 4 depict the nature of the reverse symmetric
and reverse tension—hold time loading cycles, respect-
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Figure 2 (a) Three-point bending of the double-notched and pre-
cracked fracture toughness specimen and its dimensions; (b) typical
load—mid-point deflection curve of the specimen in (a).

ively. The stress versus time curves deviated from
linearity because the alloy was deformed plastically.
The initial extreme values of the tensile and com-
pression stresses of the reverse symmetric cyclic load-
ing were + 346 and — 335 MPa, respectively. Gra-
dual softening was observed with the extreme values
of the stresses reaching + 312 and — 316 MPa upon
approaching 1000 cycles. The tension—-hold time inter-
val shown in Fig. 4a resulted in stress relaxation depic-
ted by 8§ in Fig. 4b and it was equal to 55 MPa.
Softening of the alloy was also observed in the
tension—hold cycles. The alloy was subjected to up to
3000 symmetric cycles without the initiation of fatigue
cracks which would be detected by a reduction in the
peak tensile stress of the cyclic stress versus strain loop
in Fig. 3c. The time required to complete 3000 sym-
metric cycles was 8.34 h. As seen in Fig. 5, the sym-
metric cyclic loading did not seem to affect the fracture
toughness of the alloy which had an initial average
value of 14.7kJm~2,

The alloy failed by fatigue crack initiation and
propagation after 1810 reverse cycles which included a
tension—hold period as depicted in Fig. 4a. The time to
complete these 1810 cycles was 151.3 h. The tension—
hold reverse loading cycles caused gradual reduction
of the fracture toughness of the alloy as shown in
Fig. 5. The effect of the expended fraction of fatigue life
on the resultant fracture toughness of the alloy is
depicted in Fig. 6. The plane of the precrack in the
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Figure 3 (a) Symmetric reverse cyclic loading strain versus time; (b)
the corresponding load versus time cycle; (c) the resultant stress
versus strain loop.

secondary specimen prepared from the alloy, after it
reached 1810 tension-hold cycles, was located some
22 mm away from the cross-section where the primary
specimen failed by fatigue crack initiation and propa-
gation.

Transmission electron microscopy revealed a slight
increase of dislocation density due to the plastic com-
ponent of the total strain range of the reverse cyclic
loading. As previously [4], no changes were observed
in the size or morphology of the precipitates. Thus, we
can conclude that the microstructure inside the grains
had little or no effect on any changes in the fracture
toughness of the alloy. Scanning electron microscopic
fractography of the bent and fractured precracked
secondary specimens revealed that fracture in the
virgin, as-heat-treated alloy, was predominantly dim-
pled intragranular with only about 3-4% of the frac-
ture area being intergranular. This behaviour did not
seem to be affected by the elevated-temperature sym-
metric loading. A typical intragranular fractured sur-
face of the alloy is depicted in Fig. 7 with many of the
small Al,FeNi particles still situated at the bottom of
the dimples. The tension—hold type cycles resulted in a
gradual increase of the percentage of intergranular
fracture area observed in the fractured secondary
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Figure 4 (a) Reverse cyclic loading strain with tension-hold versus
time; (b) the corresponding stress versus time cycle; (c) the resultant
stress versus strain loop.
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Figure 5 The dependence of the fracture toughness of the alloy on
the number of prior reverse loading cycles: (O) symmetric, (@)
tension—hold.

2047



Fracture toughness (kJ m™2)

| 1

1 L L l 1l L
01 0203 04 05 06 07 08 08 10

10 ,

NING

Figure 6 The resultant fracture toughness of the alloy versus the
fraction of its fatigue life in reverse cyclic loading with tension—hold.

Figure 7 Typical dimpled intragranular fracture surface of the bent
precracked secondary fracture toughness specimen after the alloy
was subjected to symmetric cyclic loading.

specimens. Fig. 8 features fractured surfaces of second-
ary specimens which experienced prior tension-hold
cycles. Fig. 9 shows the effect of the number of cycles
on the percentage of intergranular fracture area ob-
served in the secondary specimens used for determin-
ing the fracture toughness of the alloy after it was
cyclically loaded at 150 °C. As indicated earlier, sym-
metric loading did not seem to affect the amount of
intergranular fracture. Fig. 10 shows the effect of the
amount of intergranular fracture on the fracture
toughness of the alloy.

The dimpled intragranular fracture involves a con-
siderable amount of localized plastic deformation
which in itself requires higher amounts of energy in
order to fracture the precracked specimen as com-
pared to the amount of energy, per unit area, needed
for intergranular fracture. Therefore, the higher the
percentage of the intergranularly fractured surface,
the lower is the fracture toughness of the alloy. The
tension-hold reverse loading cycle introduced, by as
yet an unclear mechanism, damage which resulted in
increased amount of intergranular fracture during the
bending of the precracked secondary specimens. The
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Figure 8 (a) Scanning electron microscopic fractography of pre-
cracked and bent secondary specimen made of the alloy after it was
subjected to tension-hold reverse cyclic loading; (b) enlargement of
(a) showing separation along grain boundaries.
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Figure 9 The effect of the number of prior cycles on the percentage
of intergranular fracture in the precracked and bent secondary
specimens; (O) symmetric, (@) tension—hold.
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Figure 10 The effect of the percentage of intergranular fracture on
the fracture toughness of the alloy: (O) symmetric, (@)
tension—hold.

tension-held portion of the cycle can be expected to
introduce the kind of grain-boundary damage which
will usually be caused by tension—creep. However,
prior monotonic and cyclic tension-creep did not
cause any increase in intergranular fracture as com-
pared to the amounts observed in the virgin, as-heat-
treated alloy [4]. Apparently, it is the combination of
tension-hold and the complete reverse loading cycle
that is responsible for a grain-boundary weakening
effect which could not be caused either by the contin-
uous tension—creep alone or by the symmetric reverse
cyclic loading alone. Creep—fatigue interaction, at
various temperatures and all the way to fracture, was
studied on another precipitation-strengthened alumi-
nium alloy [7]. Regardless of the shape of the loading
cycle, fatigue crack initiation was always intergranular
when the alloy was tested at 150 °C which is also the

temperature of our reverse cyclic loading. This behavi-
our is somewhat different from that observed by us
whereby only the tension—hold cycles weakened the
grain boundaries which resulted in an increase of the
amount of intergranular fracture that lowered the
fracture toughness of the alloy. Tt is clear from this
study that under certain elevated-temperature loading
conditions, the fracture toughness of a precipitation-
strengthened alloy can deteriorate long before the
alloy will approach the end of its fatigue life.

4. Conclusion

Elevated-temperature symmetric reverse cyclic load-
ing did not cause any changes in the fracture tough-
ness of a polycrystalline precipitation-hardened alu-
minium alloy type 2618-T61 which was tested at
150°C. Reverse cyclic loading with tension-hold
caused a reduction in fracture toughness of the same
alloy due to weakening of its grain boundaries.
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