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APPLICABILITY OF THE DOUBLE LIKEAR DAMAGE RULE
TO DURAL TYPE ALLOYS

J. Gedeon

Technical University
Budapest, Hungary

Abgtract

Two~-stress level rotating berding
and axial tensile fatigue tests were run
in order to test the applicability of
the double linear damsage rule - as pro-
posed for high strength steels by MANSON
et. al. to two nearly idemtical dural
type alloys. As significant differences
from the predicted behavior were observed
a more universal definition of the damage
concept was attempted. This eliminates
some of the differences but for obtaining
the practically required numerical
eccuracy the quality scatter linherent in
engineering materials has to be taken
into account too., Ways of approach ara
dlscussed.

Notation

number of load cycles applied
dimensionless load cycle number
fatigue damage

number of load cycles to failure
max, number of load cycles with
zero failure probability
fatigue resistivity index
damage coefficient

normal stress

2o NB

o %o

Subscripts

a at the first stress level
b at the second stress level
Og for load level 6

6y for load level 6y

0 initial value

1 at stress level 51

2 at stress level §.
3 at stress lsvel 62

3
100065000¢90 0Ff 10eee50.4.20 % proba-
bility
1-2 6= 610 Op= Z’;
2=l Og= 630 6p= O3

Superseripts

! high stress first

*? low stress first

* as determined from results of two=
stress level tests

1, INTRODUCTION

In aircraft fatigue testing work
quite frequent use has to be made of da-
mage calculation procedures based on one
of the several damage accumulation theo-
ries for the correlation of testing and
service conditions, Practical choice bet-
ween them m&y be made on the basis of the
following reguirements:

a/ possible accuracy;

b/ volume of computation;

¢/ availability of basic data for

the material concerned.

Reedless to say, fatigue damage
theories strong in complying with omne of
them used to be objectioneble from at
least one of The two other viewpoints.
Should restrictions on time or on monsey
impose a ban on running simultanecusly
gome &d hoc material tests, then one has

quite often no choice but to resort to
the well-known Miner linear damage



rule with all its inherent limitations
in scecurscy. This is why the proposal
for an improved double linear demage
rule as suggested first by GROVER,
worked out in detall and demonstrated
for some high strezﬁ;:h steels by MANSON
end his co-workers "’/ had much to appeal
to us. But Manson’s paper lacked - pro-
bably not unintentionslly - auy refe-
rence as to dural type alloys and even
complex structures might behave other-
wise than simple plain rotating bending
specimens used to.

It was thought therefore worth-
while to make a series of tests on dural
specimens in order to get some firat-
hand experience on these problems.

As it was expected, test results
did not confirm the direct applicability
of a double linear dsmage rule to dural
materials. Nevertheless, some lnteres~
ting phenomena thought to warrent des-
cription and perhaps facilitating
further investigation were obserwved,

2, DESCRIPTION OF THE TESTS

2.1, Materials and Specimens

Two dural alloys were selected:
Al Cu Mg 2 bar for the rotatling bending
and Al Cu Mg 1 plate for the tensile
specimens. Thelr nominal composition is
seen in Table 1, Tensile strength pro-
perties determined by tests on speci-
nens cut from the bars and from the
plates are found in Table 2,
Mg |Mn [fG¥ | Al

12 103
118 -09 <2 | der hard

AlCuMg! 138 04 04 em in-Rolled heat
[plate S | -48] -08 08,

._Material composition and condition

Condition

Material | Cu
AlCuMg2 |38
bar § me| -49

]

<18 ki

Table 1.

[Yield Strength| Ultimate Ten- | Fracture

Material

| 02% sile Strength| Strength of flrea
it | kp mm-2 | kp mm ',(P,f“,m—l °/a
|AlCuMg 2 | 245 450 626 33.0
bar ~_ | | _ | )
(Al CuMg1 |
i plateg l 363 441 617 321

Table 2. fensile properties of- test materials

'rem in-'Heut treated,

der ireated hard ,

| Reduction |

Both may be regarded &s fair re-
presentatives of their kind of mabterial
as employed for light metal sailplane
construction in our country.
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Figure 2. Tensile specimen

Rotating bending specimens /Fig.l ./
were of the plain, short type. For ten-
slle tests, a specimen form developed
originally by SCHUTZ @ /Fig.2 / has been
choosen. Advantages claimed for this type
include to have fatigue characteristics
similar to the Mustang wings investigated
by JOHRSTONE end PAYNE in their full-scale
tests .« We are using Payne's diagram as
a basic data source for damege calculation
in sailplene fatigue testing, this
congrulty was therefore much appreciated.

2,2, Rotating Bending Tests

Tests were run on two identical VEB
Werkstoffprifmaschinen, Leipzig type 520
rotating bending machines. From the 308
specimens tested in all, 76 underwent con~
vontional single level tests on 9 diffe-
rent load levels for determining the



single level life data with the required
accuracy. For the two-stress level sexrlies
charssteristic of Manson’s lmt:lw.d(-l the
following stress levels have been selec-
teds

1. 6y = 3 3200 kp ca™2,

2, O, = 3+ 2750 kp eu"2,
glving 3 double combinations, For each
combination 5 /on one occasion 4/ two le~
vel series of 8 pleces have been run.

Results of single~ &3 well as two -
stress level test serlies have been
plotted on Weibull probability paper
/Figs, 3,4 /. From the raw data /curve
a/ a first approximation to ¥, could be
guessed, Starting from this a short com-
puter program would give the value of No
for optimum streightening of the graph.
Computer antputs were checked by re-
plotting /curve b/.

2.3, Tensile Tests

For tensile tests there were only
125 specimens at disposal, Bo a sole
double combination of test series bet-
ween two stress levels has been run,
Tests were run on a Carl Schenk Maschi-
nenfebrik GMBH, Darmsted®, type PVIN 20
Mp pulsator.

Figure 5. Results of
the single~level
rotating bending tests
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Figure 3. Single-level test series
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Stress levels were as followss

1. 6] = 465 3 410 kp ca™

2, 0p = 330 i 2688 kp cu™>
Stress values were selected so as
to have identical stress smplitude to
mean stress ratios. For both combing-
tions 5 two level test series have been
ran, Plotting and fairing of results was
done as for the rotating bending tests.

3, TEST RESUL/RS

3,1. Rotating Bending Tests

Results of the single level tests
are summerized in Fig, 5 giving data
points and No; N, etc, values.

For two-stress level tests, Fig &
taken from Ref. (1)} is showing the
pattern of dual life expectancy accor-
ding to Menson's theory, The pattern
shown 1s for a higher stress level in the
first block than in the second one. Should
the tests be run in reversed order i.e.
the second stress level be higher than
the first one then the graph would run
above the dotted line AG and it would be
a reflection of the line ABG in the line
AG.
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Figure 6, Dual life expectancy pattern
after Manson
(¥rom Ret. (1)

Results of the dural rotating ben-

1 \

\

ding tests /Figa.\? to 9/ deviated sub-
stantially from the ideal double linear
pattern. Both graph axes are scaled in
dimensionless cycle ratio units derived
from the respective cycle numbers by
dividing them by the corresponding 850
values. Data points are for 50 % survival
probability and in most cases with the
90 % confidence band as determined after
JOHNSON ‘"' marked over them. Considering
these results the following first conclu-
sions may be drawm:

8/ The double linear demage rule in
its original form seems to be un-
suitable for dural type alloys.
There is even fairly strong evi-
dence of some amount of working
on certain stress levels augmen-
ting the endurance on certain
second stress levels.
¢/ If a numerical accurasgy of say

10 % bas to be aimed at, then the
namber of tests to be done would
be Iin many cases hardly bearable.

b/
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Figure 7. Dunal life graph for stress
levels 0O, end 6,



3,2, Tensile Tests

Part of the tensile tests have shown
a scatver too high and too irregular to
conclude on numerical results at present.

The fault has been traced down to be
partly in specimen fabrication technology
and partly in the quadruple test fixture.

Nevertheless, results so far have
confirmed the dual life expectancy
pattern of Schiitz specimens being of the
same character as that of rotating ben-
ding specimens with slighty more devia-
tion from the linear behavior thsn for
the former.

In the following discussion use is
made only of rotating bending results
with the implicit assumption of sub-—
sequently these proving to be transfore
mable into structural member life ex-
pectancy data.

4, DISCUSSION OF RESULTS

levels 0 and 6,

Xs 4,1, Generalized Demage Concept
d - —T T
‘A - L As mentioned already, the most sig-
’ |11 nificant difference of test results from
; . ' ‘ = Mangon's theory seemed to be the ability
2 A ! jl_ 1 - | of dural alloys to take sometimes more

load cycles on certain stress levels
| after pre-stressing on certain other load

10 62 o levels than without pre-stressing /Figs.
I AN O A ? to 9/. For some materials this pheno-
\I ,D 626,56 | menon has been kuown from practice and 9
08 6.6 from literature as well. So e.ge SCHIJVE
06’“'6 b—zl
F\j == shows the delaying effect on the crack

i propagation in Alclad sheet caused b(y

intermittent peak losds., SZERENSZEN ©
bhes got two level test diagrams like
Fig. 8 or 9 on some steel specimens.

As 1t is of little if any use to
speak of interaction phenomena without
belng able to treat them numerically a
necessity of some generalization to thes
classical damage concept is clearly in-
dicated. In the Appendix an attempt is
made at this and the results may be
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Figure 9. Dual life graph for stress
levels 6, and 6,



summed up briefly es follows.

As a genersligation of the well-
known Palmgren-Miner rule, dsmage may be
expressed. in the fom

D jcst dx (1)

If fatigue dsmege /and conaoquontly
the damage coefficient d (5yx)/ is a
scalar type quantity and a unique funce
tion of 6 and x, then the shape of the
two-stress level test Xy =X diagrams
18 determined by the respoctivo fatigue
coefficient functions /Fig. 10/.
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Figure 10, Fatlgue coefficlent curves

On Fig. 11 for esch point 1'-" of the high
stress first curve et z'

du.-ghusl )
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‘Figure 1ll. Symetry of dual life graphs

likewise, for each corresponding
point P?? of the loy stress first curve
at x2? nxznl-;x;

dx °: 5;; X,""X:) 64(61 XrXe

Following through this train of

thought it mey be pointed out thats

a/ On two~stress level test disgrams
the low~stress-first curve has to
be & reflexion of the high~stress~
firet curve in the line AB and
vice~versa, whatever may be the
shape of the fatigue coefficient
ocurves;

b/ if the Miner rule should prove to
be correct for certain materials
or under certeln conditions, thean
this would be only proof of the
damage coefficient curves being
independent of the load level and
would not be automatically proof
of the damage per cyole being
constant during all the life time
of the specimens

o/ life inorease due to prestressing
may be possible if, and only if,
the damage coefficient function
has negative values through a
section at last for one of ths
respective stress levels.

Nogative J values for part of the




fatigne life may be interpreted as ori-
ginate in temporary structural changes
augmenting the fatigue eapesity of the
material 6.g.: hardening, The require-
ment &/ had to be complied with even in
these cases resulting in some rather
peculiar disgram shapes but, sorry to
see, Figs. 7 to 9 are showing clearly
this not to be the case, at least not
for the 50 % life expectancy values. As
this cannot be attributed to the mathe-
matical deduction in the Appendix, the
two basic assumptions of the deduction
have to be scrutinized.

Strictly speaking, there is no
guarantee of the damage being a scalar
function of 6 and Q only but should
even this assumption fail in a way of
not giving even mean values, few hope of
ever developing a usable cumulative fa-
tigue damage theory would remain.

On the other hand, dropping the as—
sumption Q = Qo = constant at the start
of the teste for all specimens seens to
be a feasible although not a pleasant
proposition, But before exsmining this
poesibility in more detail let the prob-
lem of zero failure probability be re-
viewed brieflye.

4,2, Zero Failure Probability

As it is known, the characteristic
form of single level fatigue test re-~
sults plotted on Weibull co-ordinates
/8ee e.g. ourve "a" in Fig. 3/ can be
straightened by re-plotting on base of
N~ Nb where the value of Nb is about
corresponding to the N co-ordinate of
the vertical asymptote of curve "a"
/curve "b" in Fig. 3/. The physical mea-

ning of B, may be interpreted es being
the upper limit value of the number of

load cycles with zero fallure probability.

Following a suggestion by Prof.
GILLEMOT No values of two-stress level
teats have been investigated if some re-
guler pattern could be discovered in
them.

Reason for this investigation has been
twofold:

a/ Miner?s hypothesis had been for-
mnlsted originally not for total
failure but for start of the
crack /i.e.: for crack initia—
tion/. Altough N, may not be and
in fact seems not to be identical
with the number of cycles to
macro crack initiation both may
obey similar laws; a statement
hardly tenable for the quite
different process of crack pro-
pagation, )

b/ From the engineer's point of view
it is not the mean 1life but the
fatigue life of low or of practi-
cally zero feilure probabllity we
are primarily interested in.

As for two-stress level tests, the
plots of second block cycles to fallure
values on Weibull coordinates showed fre-
quently but not always similar character
to the single level diagrams /sSee €.8.
Fig. 4/. N, values determined this way
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Figure 12. N, as function of ng



may even be shown to be a linsar de-
creasing function of B , the number of

cycles on the first stress level /Fig.l2/.
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Figure 13. Determination of Ni_ and
%
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Unfortunately, N;; and Ng% deter—
mined from the intersection polnts of the
regression lines with the co-ordinate
axes /Fig. 13/ never equalled N, values
from the corresponding single level test,
Nevertheless, this linear relationship
may essily be shown by elementary mathe-
matics to give for

__Na
2= N T TN,

R~ Rl @

Of course, it would be premature to
draw far-reaching conclusions from a few
date points but perhaps something could
be made on this line., At present there
are two fundamental problems precluding
any serious theoretical or practical
application of these results.

At first, cause and amount of diffe-
rences between single level and two level
test N, values are to be cleared and in~

Z Xe

)
a

‘Figure 14, Values of Xx,

vestigations are to be extended to three
and more stress levels and to stochastic
loading as well.

Another difficulty consists 1n the
non-Weibullian character of many of the
two-stress level fatigue life distribu-
tions. From the 29 test series investi-
gated so far 8, i.e. nearly 28 % belong
to this unpleasant category. As there
have only been 8 test pieces per serles,
irregular distributions may be explained
by this cause alone but there is a fact
contradictory to this simplest explana-
tion.

In Fig, 7 to 9 and 12, non-Wei~

bullian distributions are recognizable
by the lack of the confidence band and
by being marked with an 5,2 or sym-
bolizing the shape of the distribution
curve on Weibull coordinates.

High-stress-first test series pre-
sent but few problems: there are only two
irregular distributions here with one of

them for n, greater than No;’ a partial



explanation in itself. Ageinst this, when
counting also a doubtfull case to the
irregulars, 50 % of the low-stress-first
distributions are non-Weibullian.
Considering this it may be ad-
missible to attribute part of the non
regular life distributions to other
causes than experimental errors or sta-
tistical irregularities and to try to
find the underlylng principles. This
leads back to the problem of the guality
scatter inherent in the materials.

5.PATIGUE LIFE AND QUAITTY SCATTER

Giving up reckoning with the mean
material properties and allowing for the
statistical quality scatter may necessi-
tate some new procedures. It may be said
that every single test piece is now
treated individually so the substitution
of J(@v’ x) for d(6, Q) 1as to be
dropped. As a comsequence, use of Q - x
dlagrams seems advisable. Upholding still
the assumption /see 4.1/ of the damage
per load cycle being a unique scalar
function of 6 and Q single level fatigue
test results may be treated the following
wey /Fig. 15/.

Let e.g. three test pleces have ini-
tial Qo valuee of QI, QII and QIII’ res-
pectively. Neglecting the scatter due to
test load inaccurancy individual lives
would then turn out as X1y X7 and Xr1ye
The damage per losd cycle depending only
on the actual value of Q is synonymous
with the gradient of all curves Q/x/
being a unique function of Q. In this
case, as on the upper part of Fig. 15,
the - lat it be called = life consumption
curves of all specimens would be con-
gruent, displaced horizontally asccording
to individual Qo values. Consequently

OPr1 = By

OPyrr= Bryrfy  °e%Ce

0 X

Figure 15. Fatigue life consumption

and individusl life values may be ob-
tained by use of a single life consump-~
tion curve as shown on the lower dlagram.

Theoretically, thereby part of the
life consumption curve can be obtained
from single level fatigue life distribu-
tion data. For a given stress value
the low=Q section of the life consump-
tion curve, below the Qo value of the
wegkest specimen, is common to all test
pileces., Differences in fatigue life are
caused by the higher-Q section of the
curve; hence life scatter distributions
are attributable to and representative
of this part of the curve.

Let us suppose the Qo distribution
of a series of test pieces to be known
/graph on the left, Fig. 16/. In this
case, by running a single~level test se-
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¥ zure 16. Determination of the life
consumption cuxve

ries on this batch and determining the
survivalship function /lower graph/ the '
corresponding section of the life con-
sumption curve might be plotted /middle
part of Fig. 16/. At the present time no
reliable measure for ca; ibility of resis-
ting to fatigue 1s known to the author,
but perhaps a simple test series aimed at
investigating the correlation between
dislocation density and fatigue life
might shed some light on 1t. Further sec-—
tions of the life consumption curve could
then be obtained by two-level tests.

6. CONCIUSIONS

Several two-stress level fatigue
test series have been run in order to in-
vestigate the applicability of the double
linear damage rule to dural alloys. In
this respect results have been negative
but the following peculiarities perhaps
‘worth while for further research were ob~
served:

l. On certain stress levels and for
part of the fatigue life - presumably in
the nucleation period - temporary augmen—
ting of fatigue resistivity may occur.
There is a possibility of accounting
numerically for this phenomenon by use of
a negative damage coefficient.

2. No values have shown a much more
linear trend than N50 ones, This may con-

tribute to devising a practical damage
accumnlation theory.

3. For complex load sequences nme-
rical accurancy may be obtained by
accounting for scatter in the material
properties too. First step in this dirsc-
tion could be the investigation of corre-
lation between dislocation density and
fatigue life.
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APPENDIX

Level Test life % Di am
form for Non-Constant Damege Coefficient

In the Palmgren-Miner theory and in
several other fatigue theories the temm
"damage™ is used as being essentially the
diminishing of some one dimensionsl, sca-
lar type property of the material, With
out going into physical detalls, let
this material propert; be named Q with
angaconstant for all specimens at the
start of the fatigue tests, i.e, for n=0.
This assumption ¢an hardly be supported
on the basis of the guality scatter of
enginsering materials being negligible
but may be Jjustified if - and only if =
mean or median values of test results
prove to conform to the rules derived
on this esssumption.

Let us suppose that the damage due
to each load cycle is a function of 6
and Q. Then the damage due to 4 load
cyoles may be expressed by the followling
equations

AD=_(1)_°-—(—AOAG;10) an (s)

and in a gseries of constant or different
load level blocks failure is to be ex-
rected at 50 % probability when

D‘?AD;=—§_}%°£(A5;]O—)AD-1 (6)

For more convenlient handling let both

An be divided by 350/6 / end formally
allow for a physically meaningless O=th
load cycle.

a0(6,0)

-, 8 = Oo AN =
¢ _r§ an Nsy (6)
) Nso (6)
aQ(6.Q)
- Qe an
%" " an N5, (6) 7
Nso (6)

The following shortbhend notation may
be introduced:

_ =X Aan =

Nsol6) Nsg(6)

and for 4n=1: Adx=dx, A4Q=4Q.

For each load level Q is assumed to
be a unique function of n, therefore ine-
finitesimal damage as function of x may
be substlituted for function of Q.

AX

_ﬂ(g,X)dX (8)

Introducing what might be called the
demage coefficient:

dQ
._:o:__d)fG"‘) _d'(6x)

X
D=j<f(5.x)dx (9)
x=g
with
1
S J6x=1
X=0
The Palmgren - Miner theory is equi-
valent of having

d'ex)=1

Manson?s concept of two separate 1i-
near demage phases /in the crack initia-
tion and in the crack propagation period
respectively/ is equivalent to have two
cS' valuee for each load level, one each
before and after initiation of the
"effective’ crack. :

If on two load levels Jl/ 6yy %/
and d,/ 6,, X,/ were as shown on Fig.10

(10)



the pattern of results from a two-level
test series would be as follows /Fig.l7/.

L
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Figure 17. Two-level "Gedankenexperiment"™

Let the first of the tests be run
with 6, up to n, then with 6, to
failure, For the second test € 1 should
be applied up to n, + 4n, and then 52
to failure. The condition of the comula-
tive damage D=1 at failure mey be ex~
pressed by

(G600 s [& 6=t
) Xgtaly o - M
jcf.(ﬁ.x,)dx. * jJ:(S..X.)dx. + XCﬁ 6, x,)dx, -
- [ 6 x)de =1 ()
4= XgolXy

- Forming the difference of the two
equations gives

Hgtale [ 'S
i& (6..x.)dx. - S&(Gz.x.) dxl =0 (‘2)
KgAKy

if an—1, then ax,—dx, , Ax,—dx,; hence

d. (6. %) dx, + J;(G;, 1-x3)dx, =0 (13)

hence
dx, dxe 2 (ﬁ(sa."xl)

Should the two stress levels be
applied in reversed order, i.e., 6 o Tirst
and G, in the second block, then & de-
duction identical to the previous one
would give:

%£L= (_db_)= _ 4 (62,%a)
*a dxa /5

qu (6”1-)(0) 15}

For Xq = 1-xg

(16)

),

Xa =1-Xa





