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Abstract

Fatigue damage behavior of an Al-0.7 wt.% Cu alloy, produced by equal channel angular pressing (ECAP) technique, was investigated ur
constant plastic strain control. It showed that the Al-0.7wt.% Cu alloy displayed obvious cyclic softening at all the strain amplitudes. TF
cyclic softening can be attributed to a combination of higher yield strength and hysteresis energy density than the original material. The pla:
deformation was carried out by shear bands at low or medium strain ranges, or by both shear bands and coarse deformation bands at high
ranges. Consequently, fatigue cracks nucleated either along shear bands or along the coarse deformation bands, depending on the applied
amplitude.
© 2005 Published by Elsevier B.V.
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1. Introduction As well known in conventional metallic materials, fatigue crack-
ing is often controlled by several factors such as slip bands, grain
Ultra-fine grained (UFG) materials possess many unusuar twin boundaries, second phases or voids. However, the under-
properties such as high strendtt], high stress fatigue life standing of fatigue damage and cracking mechanisms in such
[2—4] and super-plastic deformation abilify] at low temper-  kind of materials is rare and poor; therefore, it is necessary to
ature, etc., and thus have become one of the hot topics in tHearn whether there is a new mechanism controlling the failure
field of advanced structural materidl]. At present, among of the UFG materials or not. In the present work, we report the
all of the methods to obtain the UFG materials, equal channatyclic deformation and fatigue properties of an Al-0.7 wt.% Cu
angular pressing (ECAP) technique is especially attractive andlloy subjected to severe plastic deformation. It is expected that
has been widely applied to various metals and alloys by manthe addition of Cu element will further improve the strength on
investigatorg7] in the world. To date, many investigations have the base of the ECAPed pure Al due to the precipitation strength-
focused on the static mechanical properties of the UFG mateening effect of the AI-Cu phag21]. Moreover, the cyclic stress
rials such as uniaxial tensile or compressive tests, however, thresponse and fatigue cracking mechanism of the Al-0.7 wt.% Cu
study on fatigue properties is quite rare, mainly on pure Cualloy are discussed.
[3,4,8-11] Al alloys [4,12—15]anda few other metals or alloys
[16-20] In most UFG metals [4,9-11]and alloys2,15,16,20] 2, Experimental procedure
one of the pronounced features is cyclic softening during strain
fatigue. Besides, another common phenomenon is the formation Al-0.7 wt.% Cu alloy was employed in this study for severe
of localized shear bands, which are also the precursors to fatigyglastic deformation. First, the alloy ingot was cut into some
cracking in some wavy-like UFG materig}$,10,13,14,16,18]  bars with a dimension of @ 10 mm80 mm and then annealed
at 550°C for 84 h. The bars were subjected to multiple press-
ing through an ECAP die with two round channels intersecting
* Corresponding author. Tel.: +86 24 23971043; fax: +86 24 23891320,  at 90°. Most samples were pressed for 4 passes at room tem-
E-mail address: zhfzhang@imr.ac.cn (Z.F. Zhang). perature via the so-called route C. After ECAP treatment, the
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samples were cutinto tensile and fatigue specimens with agauge 200 T T r

size of 5mmx 5 mmx 16 mm. Before mechanical tests, all the 180- A i

specimens were electrolytically polished to produce a strain-free 1504;{“% B ]

surface for microscopic observation. The specimens for tensile __ A‘.“V‘M.._

tests were pressed for 2, 3, or 4 passes; whfhiée specimens for & 140 W . 1

fatigue testsvere pressed for 4 passes. Cyclic deformation was % 1204 c *,_#__.“i::‘!_ .

performed in push—pull mode on a Shimadzu servo-hydraulic g 1oo- f - i

testing machine under constant plastic strain control at room @ 1 o B D ]

temperature in air. Most specimens were cycled to failure for the $ At €n=2X10

measurement of their fatigue life. However, for some specimens, & 501 B: €x=1x107 il

cyclic deformation was interrupted at different cycles, then the 404 C: €,=5%x10" 1

surfaces of those specimens were observed under a Cambridge 204 D: &n=2x10"* i

S360 scanning electron microscope (SEM) to examine defor- 0 . . .

mation morphology and fatigue-cracking features. 10 100 1000 10000 100000

Cylic number (N)

3. Results and discussion Fig. 2. Cyclic stress response of the Al-0.7 wt.% Cu alloy subjected to 4-pass

ECAP treatment.

3.1. Tensile and cyclic stress responses
Fig. 2 shows the cyclic stress response of the Al-0.7 wt.%

Fig. 1 shows the tensile stress—strain curves of the specfcu alloy subjected to 4-pass ECAP treatment in the plastic
mens subjected to 2- or 4-pass ECAP treatment. It can be seiain range of % 10~% to 2x 1073, It can be seen that all
that the yield strength is about 142.2 MPa (2-pass ECAP) anH'e specimens display obvious cyclic softening behavior under
182.4 MPa (4-pass ECAP), respectively, indicating that highethe applied strain range. The cyclic softening ratio, as defined as
ECAP pass obviously increases the yield strength. Meanwhildy Hoppel et al[9], increases with increasing strain amplitude.
it is noted that the elongation of 4-pass ECAP is a little bit The present cyclic softening feature is well consistent with the
higher than that of 2-pass ECAP. It indicates that, at certain cod€Ports on many other UFG materig#4,9-11,15,16,20For
ditions, the yield strength and elongation of the Al-0.7 wt.%2 better comparison, the cyclic stress responses of the available
Cu a”oy can be enhanced Simu'taneous'y by ECAP treatmenmetals and a||0yS SubjeCted to ECAP treatment are Summarized
To reveal the effect of Cu e|ement, some data of pure Al Subi.n Table 1 A very pronounced feature in those materials is that
jected to ECAP treatment is employed. For example, Zligay ~ cyclic softening nearly occurs iril the ECAPed metals or alloys
found that the yield strength of commercial pure Al was abouf2.4.9,10,15,16,2G#xcept for few examples of cyclic saturation
65.7 MPa (no ECAP), 104.4 MPa (2-pass ECAP) and 139.5 MP8! hardening behavidil1,13,14,17] It can be concluded that
(4-pass ECAP), respectively. Therefore, the difference in th&iost metals or alloys subjected to severe plastic deformation
yield strength between Al-0.7 wt.% Cu and pure Al is 37.8 MPaare prone to cyclic softening during strain fatigue.
(2-pass ECAP) and 42.9 MPa (4-pass ECAP). This indicates
that adding a small amount of Cu element can also obviously.2. Cyclic stress—strain curves and fatigue life
improve the strength of the Al alloy besides the ECAP treat-
ment. The strengthening mechanism of Cu element should be Since the Al-0.7wt.% Cu alloy always exhibits apparent
attributed to the precipitation of thigphase in A-Cu alloy21]  cyclic softening at the applied strain range, it is very difficult
and will be further revealedsewhere [23].

Table 1
250 Fatigue features of various metals and alloys subjected to severe plastic
deformation
— 200 B: ECAP for 4 passes Authors Materials Fatigue features
©
% / Chung et al[2] 6061 Al Softening
e 150 | Vinogradov and Hashimotel] Cu Softening
@ Hoppel et al[9] Cu Softening
& Wu et al.[10] Cu Softening
@ 100 Mughrabi et al[11] a-Brass Saturation
g Cu Softening
o Al Softening
|— -
so A: ECAP for 2 pasees Liu and Wang15] 8090 Al Softening
Vinogradov et al[16] Fe—36Ni Softening
0 s . Kim et al.[20] Low carbon steel Softening
0 5 10 15 20 Patlan et al[13] 5056 Al-Mg Saturation
Tensile Strain (%) Vinogradov et al[14] Al-Mg—-Sc-Zr Saturation or
. . . . hardening
Fig. 1. Tensile stress—strain curves of the Al-0.7wt.% Cu alloy subjected tG{/inogradov etal[17] Ti Saturation

severe plastic deformation.
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Fig. 5. Variation of hysteresis energy density with cyclic number at different
Fig. 3. Cyclic stress—strain curves of the Al-0.7 wt.% Cu alloy subjected to 4-strain amplitudes.
pass ECAP treatment: (A) represents the average stress and (B) represents the

half-life stress.
alie stess lated as; = 3.60 and: = —0.903 for the Al-0.7 wt.% Cu alloy.
Therefore the fatigue life N; can be expressed as a function of

to give a cyclic stress—strain curve, as reportediigle-, bi- . ‘ ) . .
9 y b gie, o the applied plastic strain amplitudg,, i.e.

or poly-crystals [24—26] In the present study, two stresses are
employed, i.e. stressy, » at half fatigue life and average stress (3.6/£p) 11

omean= (> ,57)/ N for all the cycles. Therefore, the defined Nf = + 2)
cyclic stress—strain curves of the 4-pass ECAPed specimens are

plotted inFig. 3 It can be seen that the stress rapidly increase§
with the applied strain amplitude. Meanwhile, the average stress
omean(line A) is a little bit higher than the stressy > (line B)

at half fatigue life, indicating that cyclic softening is more pro-
nounced before half-life cycles.

The curves of fatigue life & versus applied plastic strain
amplitudesp are plotted inFig. 4, as well as two other Al
alloys subjected to ECAP treatment. It is apparent that thé*Wa = %“de
fatigue life of the Al-0.7wt.% Cu alloy is higher than those
of Al-1.5Mg—-Sc—Zr and Al-6Mg—0.5S¢c—0.15Zr alldis$,14] As shown inFig. 5, the variation ofA W5 versus cyclic number

3. Hpysteresis energy induced by cyclic deformation
During cyclic deformation, the stress—strain curve per cycle

can form a closure loop, whose as®/, represents the applied
hysteresis energy density to the specimen. Wherein

3)

According to Coffin—-Manson law, one knows is plotted. It can be seen thatW, nearly remains constant at
low strain amplitude; however, it displays obvious instability at
epl = &f(2Np)* 1) high strain amplitude. For comparison, the average hysteresis

energy densityA Wmeanper cycle at each strain amplitude was

whereg; is the fatigue ductile coefficient andis the fatigue calculated as

ductile exponent. Frorfig. 4, the two constants can be calcu-

=N AW,
AWmean= 72[21 - (4)
1071 Nt
A: Al-0.7wt%Cu During cyclic deformation, the applied average hysteresis
S B B: Al-1.5Mg-Sc-Zr energyEmeanper cycle to a specimen can be expressed as
2 R C: Al-6Mg-0.2S¢c-0.15Zr
g- 101 Emean= A WmeanV ()
(]
g where V is the volume of the deformed specimen. For the
® \ A Al-0.7 wt.% Cu alloy, if there is a temperature increasg,
£ 1077 c the absorbed energywill be equal to
<
e E = CpV AT (6)
10 . . where C=8.9x 10?J/kgK is the specific heat of the
2 4 . .
10 10° 10 10° Al-0.7 wt.% Cu alloy anch = 2.7 x 10%kg/m?® is the density of

Cycles to fallure (2Nf) the Al-0.7 wt.% Cu alloy. In an ideal situation, if all the energy

Fig. 4. Relationship of the plastic strain amplitude vs. fatigue lite @f the ~ EmeanP€r cycle contributes to the temperature increageof
Al-0.7 wt.% Cu alloy and other two Al alloys subjected to ECAP treatment. the deformed volumé&’, one can set up the following balance
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different strain amplitude.

between Eq9q5) and (6)

Therefore, the possible temperature increas& can be
expressed as

AT — AWmean ®)
Cp

According to Eq.(8), if all the energyEmean is transformed

into heat of the deformed specimen, the possible temperatugy. s. Illustration of the hysteresis loops in the materials with and without
increaseAT per cycle at different strain amplitude can be calcu-ECAP treatment: (A) ECAPed materials and (B) conventional material.

lated and is plotted ifrig. 6. It is shown that the maximum tem-
perature increas&T per cycle is about 0.4%C atep = 2 x 1073,
and about 0.022C atep =2 x 10~4. This means thah 7 must
be very pronounced ap =2 x 10723 if all the energyEmeanis
fully transformed into heat at the end of fatigue.

ECAPed material (loop A), as illustrated iig. 8 Meanwhile,

the materials subjected to severe plastic deformation usually
contain a certain amount of dislocations and defeets: energy
Wmeanwill be used to drive the movement and annihilation of

On the other hand, it is well known that the flow stress ofgocations and defects, even grain boundaries sliding and shear
the ductile material without ECAP treatment must be obvi-qetormation rather than the temperature increase, during cyclic
ously lower than that of the ECAPed material, as illustrated iNYeformation. However. the energy densty¥meanof the mate-

Fig. 7. Accordingly, AWmeanper cycle of the materials without

rials without ECAP treatment is usually used to produce more

ECAP treatment (loop B) will be greatly smaller than that of the yigiocations or defects during cyclic deformation. Therefore,

AC
Material with ECAP
Material without ECAP
0 e

Emeandoes not produce a temperature increage but is used

to drive the movement and annihilation of dislocations. Accord-
ingly AT can only be regarded as a qualitative parameter for
describing the possibility of cyclic softening or not in the UFG
materials. In other words, the possible trend should be cyclic
softening for the ECAPed materials, and cyclic hardening for
the ductile materials without ECAP treatment.

Finally, the reason for cyclic softening might be associated
with the tensile stress—strain curve feature of the UFG materials,
as seen irFig. 7. In general, the tensile stress—strain curves in
most of the UFG materials often display the following features.
After yielding, the materials always exhibit obvious softening
or stable plastic flow without work hardening. It indicates that
the UFG materials have lost the potential for further strain
strengthening after many-pass ECAP treatment. As a result, the
occurrence of cyclic softening is unavoidable. For example, in
some Al-Mg—Sc—Zr alloys subjected to ECAP treatniédi,

Fig. 7. lllustration of the tensile stress—strain curves in the materials with andvhen their tensile stress—strain curves display an ability of work
without ECAP treatment.

hardening, its cyclic stress response can behave in a cyclic satu-
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Loading Director

Fig. 9. Shear deformation and fatigue cracking behavior in the ECAPed Al-0.7 wt.% Cu alloy at the plastic strain amplitude below 10

ration manner (Al-4.5Mg—-Sc-Zr and Al-1.5Mg-Sc—Zr), evenCu—Zr—Cr alloy$18]. Meanwhile, itis noted that the shear bands
cyclic hardening (Al-6Mg—-Sc-Zr). Therefore, it is suggesteddo not change their direction and can transfer through the whole
that the widely observed cyclic softening in the UFG metals andpecimen, which is quite different from the random distribution
alloys can be attributed to the following reasons: (i) a relativelyof slip bands in coarse grain materif28]. It demonstrates that
higher hysteresis energy density per cycle (due to high strengtlthie ultra-fine grains in the specimens do not hinder or block the
than that in the materials without ECAP treatment; (ii) a soft-propagation of shear bands during cyclic deformation. However,
ening or stable deformation feature in the tensile stress—straimo shear band was observed in the UFG Ti either under tension
curves (no potential ability for strain strengthening); (iii) or under cyclic deformatiofil7]. On the contrary, the surface
existence of amounts of dislocations and defects after ECAWas still smooth and there was no strain localization up to very

treatment. late stage of cyclic deformation.
With further cyclic deformation, fatigue cracks always nucle-
3.4. Deformation and damage features ated on the surface of the specimens, as shovi#gn9(c)—(f).

Normally, the fatigue cracks often started at the corner of the

Fig. 9 shows typical deformation morphology of the specimen FEig. 9c)), then propagated along shear bands (see
Al-0.7wt.% Cu alloy fatigued at the plastic strain amplitude Fig. (d)), finally leading to a shear fracture through the whole
below 1073. It can be seen that there are many long and straighgpecimen (se€ig. Ye)). On the adjacent surface, the fatigue
shear bands, which is quite similar to persistent slip bands ierack also occurred along the perpendicular shear bands (see
fatigued copper single crystd&7]. On one surface of the spec- Fig. Xf)). This indicates thathe deformation and damage of
imen, the shear bands make an angle of aroufidvith respect the ECAPed Al-0.7 wt.% Cu alloy mainly occur along the shear
to the stress axis, as showrfiiy. a). On the adjacent surface, bands at the plastic strain amplitude below 30which is sim-
the shear bands are nearly perpendicular to the loading diredar to PSB cracking in the fatigued copper single crystaig.
tion (seeFig. 9b)). This indicates that the shear bands shouldT'he shear fatigue cracking is consistent with the observations in
approximately occur along the maximum shear stress plane ofiany other UFG metalg,9-11]or alloys[2,15,16,20]
the specimen, which was also observed in other UFG metals or When the Al-0.7 wt.% Cu alloy was fatigued at the plastic
alloys with wavy-like slip, such as C10], Fe—36Ni[16] and  strain amplitude over I&, one group of coarse deformation
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Loading Direction

Fig. 10. Formation of coarse deformation bands and fatigue cracking along deformation bands at the plastic strain amplitudie over 10

bands can be seen on the surface of the specimen, as showmiation, on a macro-scale, the fatigue crack often propagated
Fig. 10a) and (b). The coarse deformation bands consist of regalong the coarse deformation bands, rather than the shear bands,
ular shear bands with a width of tens to 30, but itis different  as shown inFig. 10(d) and (e). This result is well consistent
from the shear bands observedHig. 9 because of the follow- with the fatigue cracking along the deformation bands Il in
ing reasons: (1) the coarse deformation bands are wider tharopper single crystals fatigued at high strain ranf§. At
the shear bands; (2) the coarse deformation bands are not vdogal sites within the coarse deformation bands, the fatigue crack
straight and display a wavy feature; (3) the coarse deformationan propagate a small distance along the fine shear band, then
bands do not always transfer through the whole specimen, arsitch its direction to the deformation band, showing a zigzag
often terminate at some sites of the surface. Besides, within thgath on a macro-scale. Meanwhile, some small metal pieces
coarse deformation bands, there are many dense shear bamsdsale off from the surface (séég. 1Qf)) due to serious plas-
nearly approximately perpendicular to the deformation bandic strain incompatibility between shear bands and deformation
direction. If the shear bands are compared to the persistent sliand. From the observations above, the deformation and damage
bands in the fatigued copper single crystals, the coarse defomechanisms of the ECAPed Al-0.7 wt.% Cu alloy in the applied
mation bands are quite similar to the deformation ban{zd]. plastic strain range can be illustratedrig. 11(a)—(d). Normally,
The formation of deformation bands in fatigued copper singlefatigue cracking can either take place along the shear bands at
crystals is explained by locally irreversible rotation of crys-low or medium strain range, or occur along the coarse defor-
tal [30]. However, no crystallographic feature in the ECAPedmation bands at high strain range, which has not been reported
Al-0.7wt.% Cu alloy, the formation of the coarse deforma-previously in UFG materials. It is suggested that fatigue crack-
tion bands only depends on the applied strain amplitude rathéng depends on the applied strain range or the degree of strain
than local crystallographic rotation. Therefore, the deformatioriocalization in the UFG materials. At high strain amplitude, the
mechanism of the UFG materials at high strain range must be diktrain localization induced by pure shear deformation is insuf-
ferent from that in single crystals and should be further revealeficient to carry out the applied plastic strain. Consequently, a
in the future. conjugated strain localization, approximately perpendicular to
Fatigue cracks can nucleate within the coarse deformatiothe shear bands, appeared in the form of the coarse deformation
bands, as shown iRig. 1Qb) and (c). With further cyclic defor- bands, which seemed to carry out more strain than the shear
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Fatigue crack

i Shear bands Shear bands

(a) (b)

Deformation bands Deformation bands Fatigue crack
AN v

Shear bands

Fig. 11. lllustration of formation of (a, b) shear bands and fatigue cracking at low strain range; (c, d) the coarse deformation bands and fatigaéltgictktrain
range.

bands, as shown irigs. 9 and 10T herefore, fatigue cracking is with SEM observations. This work was supported by “Hundred

prone to nucleate along the coarse deformation bands rather thahTalents Project” and the Special Funding for the National 100
along the shear bands at high strain range. Meanwhile, the coarEscellent Ph.D. Thesis by the Chinese Academy of Sciences,
deformation bands are basically parallel to the maximum sheand National Natural Science Funding of China (NSFC) under
stress plane of the specimen, which also fulfils the requiremergrant No. 50371090.
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