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ABSTRACT

Starting from a fatigue crack mixed mode cyclic loading above a certain
threshold value causes crack propagation in a new direction. After kinking
the crack often proceeds in a curved path. Experiments show that despite a
constant stress intensity the crack growth rate under mixed mode condition
is higher than under mode I. The elevation of the crack propagation rate in-
creases with increasing mode II share of the load. In case of mode I fati-
gue crack growth mixed mode overloads induce a lesser retardation than a
comparative mode I overload does. According to prevailing findings a mixed
mode overload does not have any crack deviation as a consequence.
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INTRODUCTION

Despite careful design and manufacturing, damage occurs in machines, plant
components and vehicles. The reasoms for this kind of damage are in general
cracks, small defects which grow as a result of operating stresses and con-
sequently lead to failure of these components. Cracks of this kind often are
subjected to complex static or dynamic stresses (Richard, 1985). Especially
fracture mechanics have developed concepts for describing the propagation
of cracks which are submitted to pure normal loading (mode I), but up to
now the influence of overlapping normal and shear stresses (mixed mode) on
propagation of fatigue cracks is still largely unknown. However several
theoretical assessments (Sih and Barthelemy, 1980; Fischer, 1985) exist,
but the present experimental results concerning this problem are not suffi-
cient to judge the applicability of these hypotheses, respectively to be
able to predict the crack path and the crack growth rate.

The submitted report deals with the investigation of the propagation be-
havior of fatigue cracks subjected to mixed mode cyclic loading. Further-—
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more the influence of mixed mode and mode II overloads on subsequent mode I
fatigue crack growth is investigated. '

CRACK GROWTH UNDER MIXED MODE LOADING

Ig case og mixed mode loading (overlapping mode I and mode II) the stress
distribution at the crack tip is given with the relation
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whereas r and ¢ are polar-coordinates at the crack tip and fi 1(4)) and fII
> k’

. . . 1
(¢) are dimensionless functions. The stress intensity factors KI(mode 1)
and KII(mode II) are constant under static stress and time dependent under
fétlgue s?ress according to the temporal lapse of the load.
With staFlc or quaS}—static strain unstable crack growth starts when the
comparative stress intensity factor Kv (calculated from KI and K__) reaches
II
the fracture toughness K (obtained accordi
: ing to ASTM E 3
(Richard, 1987 a,b). Ic 5 79 for mode 1),
KoK = Kpe ' 2
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Fig,1. Cogparison of the crack paths in CTS-specimens
(Rlchard: 1985) generated under quasi-static (a)
and cyclic (b) mixed mode loading KII/KI = 1.49

at the initial crack,material: plexiglas
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In case of mixed mode fatigue loading the crack does not necessarily follow
the direction of the initial crack. Above a certain threshold value of the

cyclic stress intensities AKI and AKII the crack will be deflected (Miller

and Brown, 1984; Hua et al., 1982). The crack deviation angle ¢, averages
in general between O degrees (mode I) and approximately 72 degrees (at pure
mode IT). Concerning isotropic materials it depends only on the ratio KII/

KI of the stress intensity factors at the initial crack.

The stable crack propagation takes place at a high speed where the crack
almost follows a straight path after kinking. Under fatigue loading crack
deviation generally also occurs. But now the developing crack grows stably
(slow and controlled). The crack deflection angle is influenced, like under
quasi-static loading by the average of the present mode I and mode II com-
ponents. At the beginning of the crack growth the deviation angle is appro-
ximately as large as in the unstable case. The crack path however is con-
siderably more curved (fig. ! ). The momentary crack length is dependent on
the number of the load cycles, the crack growth rate can for example be
determined according to the Paris Law (Henn et al., 1987a)

da _ _, m'

F C (AKV) (3)
C' and m' are material constants which in some criteria (Sih and Barthelemy,
1980; Fisher, 1985; Henn et al., 1987a) are compared with the constants C
and m for mode I fatigue crack growth, AK, is the cyclic comparative stress

intensity factor which yields from (Henn et al., 1987a)

AR, = 8K (MK, BRyp) 4
with

AKI = KImax_ KImin )
and

AK__= K (6)

11° %1Imax Xiimin

AKv is varying continuously with increasing crack length while the KI(t)-
and the KII(t)—curves change suddenly when the crack begins to kink, (fig.
2)ie

The KI-share grows while the KII factor decreases to a small value, On the
contrary Kvmax remains constant. This phenomenon can be explained with the

help of the findings about the stress field at the short kinked crack (Henn
et al., 1986; Tenhaeff, 1987)

EXPERIMENTAL INVESTIGATIONS AND RESULTS

In order to obtain further knowledge concerning fatigue cracks which are
induced under combined mode loading tests were carried out on 7075 (AlZnMgCu
1.5). CTS-specimens in combination with a special loading device, fig. 3,
(Richard, 1985) were used. The crack length was measured with the DC po-
tential drop method which was modified for kinked cracks (Henn et al., 1986;
Tenhaeff, 1987). The specimens were pre—cracked under fatigue loading until
they reached a crack length of a = 54 mm. The stress intensity factor AKI

AFR-3—0
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Fig. 2. Change of K_(t) and K__(t) at the time
e I II
of kinking

at the initial crack was held constant at 7 MPa/m, the R-ratio was 0.5 and

the frequency amounted 40 Hz.

After generation of the mode I pre-crack the specimens were subjected to
pure mode I, mixed mode or mode II fatigue loading. For this purpose the
loading device was turned (load angle o = 00, 159,...,90°), (Richard, 1985).
In order to get easy comparable results the upper and the lower limit of

the stresses (Fmax and Fmin) of the cyclic loading were continuously modi-

fied so that AKV and R were constant at the crack tip during the entire pro-

cedure:

&K =7 MPavm R = 0.5, W= 40 Hz

As a result of the cyclic mixed mode or mode II loading a kinked crack is
formed which grows with a constant speed along a curved path.

After 20 to 25 mm crack growth the test was interrupted and the specimen
was ruptured under static load. The tests supplied the following results:

- Under pure mode I condition the crack growth rate equals 1.5-10-4 mm/cycle,

- In the case of mixed mode and mode II loading a higher crack speed was
measured as under mode I (fig. &, table 1), The propagation rate in-—
creases with rising mode II share and equals about 2.67-107" mm/cycle
under pure mode II condition.

- With increasing KII/KI—ratio the crack deviation angles ¢o become higher

(table 1), but they are however a little bit smaller compared to static
loading.
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The elevation of the crack growth rate at higher K__/K_-ratios was also
measured by DAI and ZHENG (1987). Lo

The short retardation of the crack growth directly after turning the device
(see fig. 4) can be attributed to friction effects at the crack surface
which however vanish suddenly as soon as the kinked crack begins to grow.

Table 1. Crack growth rates and deflection angles in
7075 aluminum alloy for different KII/KI—ratios

To determine the overload value for mixed mode or mode ITI,
the comparative stres

load angle a K__/K

II''1

at the crack deviation crack growth rate da/dN

(see fig. 3) initial crack angle ¢° at the kinked crack
in (9) - in (9) in (MPa/m)
0 0 (mode I) o 1.50-10"
15 0.10 13.4 + 2.8 1.52.107%
30 0.22 23.9 + 1.76.107%
45 0.39 37.0 £ 3. 2.15-107
60 0.68 45.6 + 2.28-107
75 1.49 55.8 + 3. 2.53-107
90  (mode IT) 62.8 + 3. 2.67.107
- Fatigue loading
-cyclic stress intensity factor AKI = 7 MPavm = AKV
.ratio Kmin/Kmax: R = 0.5
-load frequendy : w = 40 Hz
- Crack propagation rate before kinking: da/dN = 1.5-]0_4 mm/cycle

- Crack length at the time of kinking : a = 54 mm

- Specimen width: w = 90 mm

EFFECTS OF MIXED MODE AND MODE II OVERLOADS ON MODE T
FATIGUE CRACK GROWTH

The effects of mixed mode or mode II overloads on subsequent mode I fatigue
crack growth in 7075 are investigated by means of CTS-specimens and an ap-—
propriate loading device, fig. 3. Experiments are performed at a constant
AK; = 8 MPa/m, at R-ratios of R= 0.05 and R = 0.25 and a cyclic frequency
of w = 60 Hz.

After a fatigue crack growth of about 5 to 10 mm under mode I condition the
experimental procedure is interrupted, then the corresponding mixed mode or
mode II overload is applied by turning the device and subsequently oscilla-
tion is continued under mode I conditions. The experiments are carried out
with overloads of AKvﬁ = 150 7% AKI and 200 7 AKI at seven different KII/KI—

ratios (load application angle v = OO, ]50,...,900).
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- The delay o

— The retardation effects measured at AKvﬁ =

- The effects of mixed mode o

the concept of
s intensity factor developed by RICHARD (1985) is used.

)2 2
K. =K + = 0.5 KIij + 0.5 K i + 6 K__.. (7)

vi Imax AKvﬁ I 114

With the aid of

K, =F / (wet) Yma ¥;
/= (8)

KII =F / (w-t) Ta YII

one then obtains the equation
F
1 i 2 2

= =~ /ma —— + + 9
Rg =7 ™8 g (Fp *+ ¥ * 6 Ypp) 9
where YI and YII designate the non dimensional geometric functions for the

CTS-specimen. From eqn. (9) the required load Fii is obtained which is to be

applied to the CTS-specimen. During the entire experimental procedure the
crack length is constantly measured with the aid of the DC potential method
and the cracking process at the crack tip is observed by an optical device.
The stress cycles endured are counted by the traction machine. The measured
values are recorded by an IBM persomal computer, which memorizes the crack
lengths and the corresponding stress cycles and displays them in.a diagram
on the screen. The fatigue tests are made at room temperature using a servo-
hydraulic traction machine, type PSA by SCHENK AG.

The tests showed the following results:

f the crack growth after application of a mixed mode overload
is the smaller, the higher the KII—share of the overload (fig. 5).

ITI overload of equal size

In contrast to a mode I overload a pure mode
1987b) .

delays crack growth only insignificantly (Henn et al.,
=150 7 AKI are more pronounced

at AK .. = 200 7 AKI (Henn et al., 1987b). An increasing overload ratic
vi

R, = K ./K effects a greater crack growth delay.
u vi' TImax .
verloads on mode I crack growth are consider-

-ratio (R = 0.25). The findings concerning the
—share of the overload and the increasing overload
for the experiments made with R = 0.05.

ably less at a higher R
effects of a higher KII
ratio are the same as
With all kinds of overloads no crack deviation was found during the sub-
sequent mode I fatigue crack growth.

CONCLUSIONS

Investigations on 7075 (A1ZnMgCu 1.5) show that under mixed mode and mode II
fatigue loading a higher crack growth rate appears than under a comparative
mode I fatigue loading, whereas the crack propagation rate increases with

growing mode II-share. )
Furthermore after a mixed mode or mode IT overload the retardation effects
are considerably smaller than after a mode I overload. The retardation ef-
fect decreases with increasing KIIﬁ-share and becomes nearly zero after pure
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mode II overloads.
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Fig. 5. Influence of different kinds of overloads on
mode I fatigue crack growth.
&K =8 MPavn, R = 0.05, K g = 26.4 MPaYm
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