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LOW CYCLE FATIGUE STRENGTH
OF AL-1,57 Fe ALLOY
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ABSTRACT:

The increasing need for improved mgteriais for high
temperature applications has stimulated =ffort over the
past two decades. ‘

Low cycle fatigue (LCF, high stress and low numbers of
cycles to failures) is an impdrtant consideration in the
design of turbine components (disc and turbine blade} and
for nuclear pressure vessels and pipincs tee-joint locations
where the mixing of fluids at different temperatures may

lead to cyclic stresses.

The purpose of this study is to present results ot

high temperature LCF measurements on an aluminium alloy
containing 1.5% iron, in an attempt to us= this alloy as
a material for ﬁistons and cylinder blcox in the engine
HS 110 (850 HP & 12 cylinders) cf the main battle tank

AMX 30.

This alloy, when rapidly solidified, has shown to
have an appropriate high temperature tensile strength in

static testing in addition to hignh electrical‘conductivity.

Commercially pure conventicnally cz:t aluminium was
used for the purpose of comparison.
All tests were conducted at a nominsl strain rate of
-4 -1 .
5 x 10 S over a range of temperatures from ambient

temperature to 400°C.
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A comparison of LCF life of samples as expressed by
the Coffin-Manson relation shows that Al-1.5% Fe alloy
exhibited the best fatigue life.

Coffin~-Manson parameters vary with the microstructure and

deformation behaviour of the alloys.

The cumulative strain and the fatigue 1life were

investigated under variable thermal and stress conditions.

NCZNCLATURE:

A Stress range (MPa})

AZ Total strain range

heg Elastic strain component

beg Plastic strain component

eg Strain to failure

Nf Number of cycles to failure

€ Cumulative strain

oy Ultimate tensile strength (MPa)
n/Nf Ratio of fatigue life
INTRODUCTION:

Although historically fatigue studies have been concer-
ned with conditions of service in which failure occured at
rnore than 104 cycles of stress, there is a growing recognit-
icn of enginerring failures which occur at relatively high
stress and low numbers of cycles to failures /1/. This type
of fatigue failure must be considered in the design of many

applications.

LCF conditions are frequently created where the repeated
stresses are of thermal origin /2/. Since thermal stresses
arise from thermal expansion of the material, it is easy to
see that in this case fatigue résults from cyclic strain

rather than from cyclic stress.
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performed using either stress or strain control.
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is a common form of fatigue testing which can be

The mat-

erial response can be represented by hysteresis loops of

stress range 40
erials the first
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, and in many mat-
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reflect the fluctuation of the Bauschinger
control tests, the stress range will either
of the hardening or decrease because of

the material /3/. {1
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follcwing relation-ship,

upner
i

In plotting ggp against

often called Coeffin-Manson

luced:

{1)

expcnent h deponds on temperature and has a value between

The constant C can be evaluated by consider-

Iimit of LCF test is failure in the tens-

where q 1s the reducticn of

N o= /4 c;cie &b = 1/2 ,

4)1/: = ef/z > wAep N? = ef/z = In T%a
in range is related to Ne by the relation /6/:
—»GU N e e e (2)

= - 0.08.

= fe_ + ke = % N;+-€§f—N_b e (3)

aspect of the above eguation is that it

two- structure-~sensitive material properties:

tensile strength and reduction of area.
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BEquations describing strain-life relationship at LCF can

be expressed as follows /7/:

be /2 = & (2§)? /Coffin equation/ ... (4)
Ase/2 = (o'/I?_J)‘(VZ:I\I)‘b ) /Basquin equa-ion/ ... (5)
pe/2 = MR s a/E) M L. L L e

Where ' and ¢' are coefficient of ductility and resistan

to fatigue respectively.

Th: f;:igue;Stréngth of metals decreases, in general,
with in :asing ggmpéfature. As the temperature is incr-
eased well above;rqom temperature, creep will become imp-
ortant and at hiéﬁ temperatures (roughly greater than half
the melting point) it wili be the principal cause of
failure. < ‘

Coffin /7/ has extended the analysis for LCF o~ ~onsider
the frequency depéndence of high-temperature fatLgJe.

Thus equation 1 B;comes:

_ -b {("-kib
Aep = C2 N g v . v - cee {T)
Where v 1is the frequency of stress application in cy~'e/
min, and k is an exponent which measures the effect of

fresuency on fatigue life. -

The purpose of this study is to present results of
tihe effect of microstrﬁcture on LCF strength of aluminium.
Commercially pure and aluminium containing 1.5% iron
samples were used. ’The Coffin-Manson (strain-life}

relation was applzed.
EXPERIMENTAL PROCEDURE:
The alloy was prepared from highly pure Al and Fe.

Commercial pure Al (99.67%), sample A, sand casted was

used for comparison. The chemical composition of the
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two samples 1s shown in Table 1.

~
Fe Si Cu Zr Ti Mn v
A 0.25 0.07 0.001 0.002 0.001 0.001] 0.001
B 1.5 0.079¢ 0.003 0.003 0.002 0.0047 0.003
Table 1: Chemical Composition in wt.$%

cample B was casted in a water-cooled copper mould
{50 mm¢) at a rate of cooling (measured at 3 , 5 mm from
mould wall) of .45°C/S. Details information of the exp-

erimental technique was given elsewhere/9 & 12/1

The two samples were homogensied at 400°C for 6 hours.
Fig. 2 shows the specimen configuration for ICF testing
/10/. Test section of each LCF specimen was éolished
with sucessively finer grades of SiC paper to produce
a surface finish of 0.5 um  or better, with finishing
marks parallel tc the logitudinal axis of specimen. After
completing all machining operations, the specimens were
degreased with trichlorethylene,

Static tensile testing was made at temperatures
varying from 25 to 450°C on an universal Zwick machine

at a cross-head speed of the machine of 5 mm/min.

Fully-rsversed push-pull LCF tests were carried out
under total strain control on an Instron testing machine.
The strain was controlled by a 10 mm Instron extensometer

clamped to posts rigidly attached to the sample grips.

Thermal fatigue testing (change in temperature at
constant machanical loading) was performed following the
principal given by Coffin /11/.

All ICF tests were conducted at a nominal strain rate

of 5 x 10—4 s—1 over a range of temperatures from ambient



-194-~

temperature to 400°C.

> Fig. 3. shows a block diagram of the test equipment
whicﬁ was devéloped to perform LCF tests under the above
mentioned conditions, while Fig. 4 shows a view of the
test equioment. ‘

The specimens were induction heated and coe d by compres-
sed air thiough nozzles at both sides of siccimen.

Tasts were conducted in air and no ﬁaticable oxide Qas'

found.
_RESULTF + DISCUSSION: e

“he mechanical properties at room temperature were

shown in Table 2.

% MP HV _ 8%
A 130 170 5
B 250 230 12

Table. 2: Mechanical properties at room

temperature.

§ is the elongation % measured in 5 cm gage length.
Tiie variation in mechanical properties of the two samples
assisted the role of iron-addition and the fast rate of
solidification. This can be attributed to a solid solut-
ion strengthening of Al-matrix, the finely dispersed Al3Fe
and the ¢:ain refinement effect /12/, as depicted metall-

ograpﬁy in Fig. 5.

Further, the benefits:of refined and uniformly disp-
ersed intermetallic compound for improving high temperature

machanical properties have been shown in Fig. 6.
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The metallographic examination of the fractured sam-
ples showed that sample B inhibited the dynamic recryst-
allisation process due to the presence of AlBFe in fine
dispersed form. Even-through, the percent of strength
recovered before recrystallisation 1is higher in B-sample,
namely 35% compared with that for A-sample which come out
to be about 10% only.

According to Cotteril & lould /13/, the retardation can
be explained as follows: the deformation structure cons-
ists of a uniform distribution of dislocations, without
the regicons of high lattice curvature that are required
for the development of a new recrystallised grains.

In addition, fracture appearance changed from transgranul-
ar to intergranular with increasing temperature as shown

in Fig. 7.

The cyclic hardening behaviour of samples A and B at
constant total strain rate and at constant strain amplitude
is shown in Fig. 8 for a range of temperature from 100
to 400°C. The stress values presented are the average
\9f the tensile and compressive maxima for the particular
hyg%qresis loops recorded. An apparent steady state in
str;::\IE\achieved at all the temperatures investigated.
The hardQQEIENSQrves, however, have gualitatively differ-
ent shapes dependNg on temperature. At 100°C, the

hardening curve consisSts of a rapid hardening with a rat-

her abrupt change to a %&9gion with a lower hardening
rate. In the neighborhgad of 200-300°C the hardening
rate decreases smoothly frodt an initial rate comparable
with the initial rate at lowei temperatures to a saturat-
ion value. At temperatures akove 300°C the hardening
curve has a local maximum sO that the cyclic stress decr-

eases toward the final saturation value.

Fe-addition to Al under rapid solidification condition
(sample B) affected the hardening curve as depicted from

Fig. 8.
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Sample B~was characterised also by the existence of a peak
in the hardening curve at temperatures » 300°C. According
to El-Desouky /12/ peaks in the flow curves represent the
time necessary for generation and migration of vacancies

to screw dislocations. It is quite possible that sample

B has a higher concentration nf vacancies due to the rapid
rate of cooling and the high - Fe-content. The role of
vacancies has been considercd to be due to the generation
of friction stress during LCF and has been offered as an
explanation for the linear temperature dependence associat-

ed with high temperature deformation /14/.

Fig. 9 gives a comparison of LCF of samples A & B,
as expressed by the Coffin-Manson relation (strain-life
curves) . Sample B exhibited the best LCF life observed
for the range of plastic strain studied. Recent results
/15/ indicate that structures which reduce inhomogeneous
deformation in the alloys are more resistant to fatigue.
This may explain the increases in LCF life of sample B
(compared with A) since it has a refined grain structure
and a well-known means of pfomoting homogeneous defor—‘
mation is a reduction in grain size. 5
Also, the refined grain: structure of sample B rg@g@é;
dislocation pile-ups and resultant stress cqpé;;trations
at grain boundaries leading to increaseﬂ“éﬁctility and
an overall homogenisation of deformation. Selines /16/
observed a similar improvement inxLéF life of Al-alloy
7075 (1.5 % Mg, 5.5 %2n) and was’ attributed to an increase
in fracture toughness. o
- However, fracture toughness s related to critical crack
growth resistance, and is not necessarily adequate for
predicting fatigue resistance /15/. We believe that the
improved LCF life for sample B is more probably related
to an improved homogenity of deformation.

The effect of stress range Ac on the relationship
between € and n/Nf at 200°C is shown in Fig. 10. On
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the other hand, Fig. 11, shows the variation of € with
n/Nf under thermal-cyclic conditions (at constant mean
stress). A comparison between these two figures clearly
demonstrates the intensive effect of temperature (thermal
cyclic) rather than stress range on €ht
The hardening and softening processes can be foll-
owed from Asp / be, vs. n/Nf curve under thermal
fatigue cycling condition (Fig. 12). The decrease in
de o / Ae o ©ap be attributed to strain hardening in which
the rate of strain acumulation decreases also. This is
followed by equilibrium stage between hardening and soft-
ening preocesses, while the latter stage is characterised
by a rapid increase in Ae_ / be  towards fracture.
This increase can be mainly due to crack-initiation and -
propagation rather than to softening processes.

CONCLUSIONS:

The regults of low cyde fatigue (LCF) experiments at
a constant strain rate over a range of temperatures from
ambient temperature to 400°C are reported for aluminium
alloy containing 1.5 % iron rapidly solidified (sample B)
and a conventionally cast commercially pure aluminium .
(sample A) for the purpose of comparison.

Several findings are of interest.

1) The cyclic hardening curves change shape with increas-
ing temperature, developing a maximum in the cyElic
hardening behaviour for sample B at higher temperatures.

2) A comparison of LCF life of samples A & B as expressed
by the Coffin-Manson relation shows that sample B
exﬁibited the best LCF life observed for the range
of plastic strain studied.

The improvement in LCF resistance attained for sample
B is due to the improved homogenity of deformation
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(@s a result of grain refinement effect) which delayed

crack initiation and failure.

3) Cunmulative strain versus fatigde life ratio for
isothermal -~ and thermal - tests sbi ws a similar
dependance as in creep conditions.

The existance of the three stages, namely: harden-
ing, steady state and accelerated softening, depends

on the interaction between stress and temperature.

4) T'oge results indicate that the proper control of
-rain structure is a potential in the development

of fatigue-resistant Al-alloys.
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