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AGARD'S APPROACH TO FATIGUS AND FRACTURE RESTSTANCE

by
R.J.H. Wanhill

National Aerospace Laboratory NLR, The Netherlands

SUMMARY

AGARD has organised two recent meetings on alloy microstructure
influences on fatigue and fracture, principally in high strength
structural materials. The present paper briefly reviews the subject,
covering fatigue strength, fatigue crack propagation, fracture
toughness, and stress corrosion in aluminium alloys, titanium

alloys, and high strength steels.




INTRODUCTION

At the invitation of the AGARD Structurcs and Materials Panel, a number
of specialists presented pilot papers on fatigue and fracture in acrospace
structural alloys at a meeting in Milan, April 19731. Discussions in an Ad Hoc
Group resulted in a recommendation to the Panel to organise a spccialists
meeting on Alloy Design for Fatigue and Fracture Resistance. This meeting
was held in Brussels, April 1975.

Essentially, the AGARD approach has been to examine in detail the
influence of microstructure on fatigue strength, fatigue crack propagation,
fracture toughness and stress corrosion in three types of materials:
aluminium alloys, titanium alloys, and high strength steels.

The present paper reviews these topics. During its preparation much of
the original literature referenced by the specialists was consulted, as well as
many other publications. This was done in the hope of avoiding excessive
selectivity on my part. All credit is due to the specialists, whose compre-

hensive treatments made this review possible.

FATIGUE STRENGTH

The high~cycle fatigue strengths of high strength materials are compared
in Table I. The table shows that aluminium alloys and maraging steels have
poorer (fatigue strength/ultimate strength) ratios than low alloy high strength
steels, and that there is a wide spread in titanium alloy fatigue strength. Much
work has been devoted to improving the fatigue strengths of aluminium alloys,
and to obtaining consistently high fatigue strengths in titanium alloys.

Most high-cycle fatigue testing has been carried out in an air environment,
for which mechanical and microstructural parameters are likely to be dominating.
Consequently, the following discussion is based on testing in air. However,
it must be noted that corrosive environments have a strong effect on the
fatiguc ctrengths of aluminium alloys and steels (but not titanium alloys),
so that continuing investigations should take environmental influences into

account.

i
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a graphic illustration of the importance of Young's modulus, since the steels
were of widely different cumpositions and microstructures.

Figure 11 also shows that in the ultrahigh strength range (oy >1600 M1 m?)
the maraging and trip steels are superior to commercial purity low alloy steels
and AM 355CRT and Pl 15-7Mo. One reason for the inferiority of the low alloy
steels appears to be susceptibility to brittle fracture at prior austenite

e
grain houndzritsOJ’(j. Tne contribution of this fracture mode is lessened by
reducing the content of elements which promote temper embrittlement
(S,P,As,Sb,Sn)b3, with a resulting improvement in fatigue crack growth

resistance (figure 11, the data for high purity 1% Ni-Cr-Mo steel). Second

o
i
66,71

phase particles, kRowever, have little or no effect c
o 5 62 ,f,»; ’ {4=76 R A ’
Many results show that aggressive environments can greatly

enhance crack propagation rates in high strength steels, the degrce of
enhancement being strongly dependent on test frequency.

Fatigue crack propagation resistance is not normally considered when
selecting high strength steels for application. A notable exception is
10 Ni steel (oy ~'IBOOIJL%F), which was chosen for U.S. Navy and Air Force
evaluation programmes, the latier pertaining to the B-1 wing box. This stec

4

has excellent weldability, fracture toughness and stress corrosion resistance

and its resistance to corrosion fatigue is reported to be very good, as can

imum enhancement

be seen from figure 12: cven at low frequencies the m:

crack rates by water is only a factor of 2.

FRACTURE: TOUGHNESS

crally found that fracture toughness decreases with increasing
{

yield strength, figure 13. HAHN and ROSENFIELI

explain this trepnd in the

follovwing way. They

are a consequence of

submicron partic

strengthen the alloys, and that this wn occurs more rapidly at higher

strength levels, where the particles are smaller and more fragile

The preceding hypothesis remains unproven, but what is certain is that

the amounts, distribution and morphology of alloy phases and the presence of
coarse gecond phace particles have a large influence on

Reducing the volume fraction of coarse (> 1 um) intermetallic particles,
which are nuclei for large voids, can significantly improve the fracture
= R )
5438, 79-81
.

toughness with littley, if any, loss in strength In particular
’ , J Y (5] X 1

limiting the Pe and 51 contents is heneficial for 7000 series alloys, e.g. figure 14

‘.
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1

A much more difficult problem is posed by finer particles. These have %
a less strong but still important influence on toughness. Some of their
constituent elements (e.g. Cu), while they lower toughness by aiding inclusion
formation, on the other hand contribute to alloy strengthening by the age-
hardening precipitation reaction.

Particles in the 0.03-0.5 wum range appear to have dual, but contradictory,

influences on toughness”. They suppress recrystallization or limit grain
growth, thereby favouring transgranular, high enersy fracture; but they also |
act as nuclei for sheets of small voids between the large voids nucleated at
big inclusions
The finest particles (g 0.01 um) are the age-hardening precipitates. Their
size is very sensitive to heat treatment, and they exert a major influence on
toughness in 7000 series alloys: coarser and more nunerous glaju boundary
particles promote intergranular fracture and low toughnes )’Uh—u4. This
effect results in an influence of grain size and shape on toughness in

conventionally processed and overec

ed materials, figure 15. Some data indicate
2
. . . . (oL y A *
that the matrix precipitates ' and the width of the grain boundary precipita
83,84 | o : PR
free zone - have no influence on toughness. VAN LEEUWEN - found that a
Structural Coarseness Indx (2 weighted average of the sizes of trix and

grain boundary precipite

and the widths of precipitate free zones at grain
boundaries and larger particles) correlated moderately well with fracture
toughness, figure 16.

i . T : . ; 11,86-8¢ )
Thermomechanical treatment (EHT) of 7000 series alloys ' 7 can achieve

about 20 % improveme: in strength with no loss in toughness, or in

oughness at a given s

level. Intermediate (ITWT) processing improves

o s

toughness by refining the grain size d separating coarse inclusions from

the location of the grain boundaries . Final (FTKT) processing exerts

strengthening by developing precipitate-stabilised,
S

r e - 3 \ J 1
However, there are cost and control problems™, and the

nse, uniform dis

11
notched fatigue strength =~ is discouraging. KAIFMANS significant

strength—-toughness i yy come from powder metallurgy alloys; but

again there is a cost

Titanium alloys

Titanium alloys are inherently clean. The fracture toughness in commercial,
high strength alloys is chiefly influenced by alloy phase distribution and

morphology; texturej and interstitial oxygen and hydrogen contents.

WP B S e T




Numerous

investigations
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~52

have shown that the fracture toughness of

an alleoy is generally improved by increasing the amount of acicular «, which

is obtained by

or just below

superiority of

toughness

processing (uld/o;" heat treatment either in the 3 phase field

the  transus. However, as figure 17 shows, there is no overall

 processed or

heat treated

alloys. In fact, the fracture

is consistently raised above the median values for all data only

: e e el : S
over the yield strength range 1000-1150 I-:ﬂ'I/m . This result is no longer very

surprising, since more recent work shows that besides the volume fraction of

b 3 + . . x "
acicular « (and the textural and interstitial content effects) the fracture

toughness
untransformed

at prior f3

vorod B
aged

B and

grain boundaries;

is, or may be, influenced by the volume fractions of primary «,

B; by the volume fraction of plate « precipitated

by the acicular a plate thickness, length and

spacing; by the width of the interface between o plates and

47,49,97,101-104

untransformed f;

3

P an o i o duons

A T T A A A A W S MM N ML e S e S

and by recryst:

mAanNT 3

PATON et

structure in «

y1lization of p
P
47

rimary .

al’ propose the following dependence of toughness

R =21lovas R
e b ,,l!L}J.J. 12

ization of a and

anneal

treated materials optimum

minimizing the wvolume

treatments are preferable to («

fraction

toughness

of untransformed

)
or aged 3; heat treatments producing layers of o at prior [ grain boundaries
can incre e t . .ghness.

differen

toughness ocecurs crack plane and fractured
permit plasti .
T.Cvro T A Arorey ontent from normal commercizl
Lowering (ygen content 1rom normal commerclia

orienta

result in toughness

varying by

tions and fracture directi

extra low interstitial (0.10-0.13 wt.%) a t doubles the

fracture toughnes: Sy lo in rength.

toughness occurs in ve vterials (< 0.08 4 but the

yield strength loss i le for aircrafi plications, and

it is wvery difficult to titanivm to lc than 0.1 wt % oxygen.
Lowering the hydrogen content from 50 ppm to ppm in Ti-60A1-4V by

+ 110,111

vacuum annealing raises the toughness by 50-100 %, without loss in
strength. At least f Ti-6A1-4V, it appears worthwhile to institute a
vacuum treatment at a temperature selected to optimise the micr tructu
at the same time,

"W RN P,
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Steels

Maraging steels usually have much higher fracture toughness than
quenched and tempered steels at a given strength level, figure 13.
COX and LOH]kQ argue that the prime reason for this difference is that in
low alloy steels large voids nucleate at inclusions (e.g. MnS) and link up
via sheets of small voids nucleated at the carbide precipitates which
strengthen the alloys; but in maraging steels only the large voids occur

at Ti(C,N) incl onu, and these have to grow until they coalesce.

UJ

Recent WOIn on Dbac steel confirms the primary role of carbide

precipitates. However, other microstructural features are very important.
Figure 18 shows the effect of unconventional heat treatments on the fracturc
toughness of 4340 steel: the toughness-yield strength trend has

to that of maraging steels. This improvement was attributed

of retained austenite in a network surrounding the martensite
o : o : . 114
laths, and to the absence of twinned martensite plates A
: - e str : ) 4 .CW
influence of retained austenite occurs in maraging steel ~.

o

Qualitative effects of microstructural features on toughness in guenched

and tempered steels are listed in Table II. At the present time it is not

: : e ; . ) ; 134
possible to establish the combined roles of a number of microconstituents 1.

Research proceeds on an experimental basis, somclimes with very unexpected
114

results .

Despite the importance of control of alloy phases,; the fracture toughness
of high str teels can be most readily improved by greater microstructural

P2 1S
cleanliness, =< since inclusions provide easy nucleation sites for
I\"\

large voids™  : hence ihe current trend to vacuum induction melting during

: e T
consolidation .

} illustrate ! lep ice of toughne of 2]l steels on
volume fraction of weak second phases (in*!mrjwnn). Toughness decreases with
increasing volume fraction of inclusions, althouzh the trend ic less strong

2 ¢ ')

at higher strength levels. Limitations to figure 19 are that the data

e o
iTe Wy
79
and all second phases have been assumed eq ly detrimental “+ The trends,

particularly for higher st g&th steels, need to be refined, especially in
the low volume fraction regime. Furthermore, not all second phases are
. For example, MnS and Ti(C,W) have dominating influences
in 4340 steel and maraging steels, Tovpvciiv\1y.l!/"ln
As with fatisue crack T‘."-‘rID'Lﬁ""LL.F("]l, fracture 'L\‘...i;élnf\ilf‘. ig rarely a (’.',‘.‘if'.'l'l
criterion for high strength steels. Most components are safe-life, since
critical defect sizes are generally too small to permit guarantced in-service
detection. The 10 10 steel being evalualed by the U.S. Air Force and Navy has

plane strain fracture toughness in excess of 200 MN/m™ ~, which is sufficient

, ; . 5 /e
to encure fai fcty in thicknesses up to 4 em at a yield sirength of 1300 Mi/m

1 S L. AETE T

2 70
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‘

STRESS CORROSTON

The trend of increasing stress corrosion susceptibility with increasing

strength is a severe limitation on high strength materials. This is especially
true of 7000 series aluminium alloys, and steels with yield sircngths
21450 I\ﬁJ/ufl, which tend to be highly susceptible to agueous stress corrosion
in both smooth and notched conditions.Nearly all titanium alloys are immune
to agqueous stress corrosion in the absence of a crack. This helps to explain

! their exemplary performance in safe-life items. However, laboratory tests
have shown that for many titanium alloys the propagation of a pre-exicting
crack is greatly accelerated by aqueous stress corrosion, so that this

| phenomenon must be considered in designing for fail-safety.

Aluminium alloys

The main techniquefor controlling stress corrosion is
| (ovcragveinj in 7000 series u!loy.'). Alloy con and
e
B % W 1 - 1,,-11‘“; 74 1 - i +
are usually less important . Thermomechanical treatments
i the possibility of avoiding the strength reductions which occur in
i : : :
" convent l,(?:li!].!j,’ processed and overaged
‘
Table irises salt w r stress corrosion resistance of sc

1 conventi essed 2000 and 7000 series alloys loaded in the short
i
tempers the ( ) series
ptible ! ¢ '5('1’1}",
‘ 1 pti n thec
1 the v Lransv €
19
. The disadv age is a
icting, relate st
5 A L)
corrosion susceptibility to the matrix precipitates 54 the precipitate
; R ok £ e S ; ] 124
free zone width ¢ to the grain boundary particl 1 7€ ', and to the
o g . I 12h )
solutec content of the precipitate free zone « All these quantities tend
to change simultancously with heat treatment, thereby complicating the inter—
» pretation of results. VAN LEEUV has considered this problem, using the
‘ Structural Coarzencss Index (see previous section). He found that for

7079 alloy the Index gave a better correlation than any single guantity, bdut

that for DTD 5024 there was a better correlation with the matrix precipitates.

This result epitomises the f:'L;r,er-wf'—Um«f_n"t at the present time. It is note-
: L 1265127 s i 118
worthy that VAN LEBUMEN et al . ! and THOMPSON and BERNSTEIN " advocate

comvination of the thcories, with hydrogen embriitlement as a poscible

e L R
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Both 2000 and 7000 series alloys benefit from thermomechanical treatment
(TMT) . Final (I"IMT) processing enables 2024 to achieve a 16 % increase in

yield strength over the T851 condition with equivalent stress corrosion
Ieulwtd“hel J, and for 7000 series alloys strength levels eguivalent to T6
3 tempers can be obtained with T73 stress corrosion rosistancc.ll’by'128’129.
These improvements were attributed to a uniform high density of dislocations
and distribution of precipitates, the latter being comparable in size to

those produced by overageinglgg. Intermediate (ITMT) processing oi' 7000 series
{ alloys raises Kj_ by 20-25 % in the shori transverse direction, with about i
5 % loss in longitudinal and transverse yield strengthsgs. The KISCC
improvement is probably mainly due to avoidance of the elongated grain

sounndaries characteristic of the short trans se direction i onventionally
E lar 1 b 1 f the short transverse direction in convent 11y

| 118
i ] : - . 110
{ processed material, since such boundaries provide an easy fracture path .

| )

; Alloy composition has a modest effect on stress corrosion resistancellb.
In general, increasing ihe amount of major alloy additions in solid solution

| increases susucptiblilty 9. Minor additions have two kinds of effect:

l elements like Cr, Mn and Zr tend to form intermetallics which pin grain

boundaries and stabilise the wrought grain shape, thereby influencing stress

influence stress corrosion through altering the ageing kinetics and somectimes
118 |

the particle morphology .

i
‘ corrosion resistance; Cr and Mn, and other elements like Cu, Li and Ag,
i

T
= . et
nt relates to data presentation. KAUFMAN® points out that

alloy Xy, = values do not provide safe levels of stress for all

4

aple, figure 20 shows clearly that the small flaw part

of the K.  analysis is unconservative, such that gross section stresses

which influence the stress corrosion susceptibility

alloy composition and interstitial content, the slip
character, ani t structure, morpholo and grain sigze of the alloy phases. |
Inese variables arc somewhat inturxglutud, but their relative importance in
otermining susceptibility is different for the different types of alloy.

Thug, for a alloys the most important influence is ummpositinn; for o-8

alloya s phase morphology; and for B alloys it is phase structure, i.e. ‘

. , A ¢ s Cr T 130 5
her microztructure is all-f or aged to contain more than one phase.

High strength commercial alloys (yiv]i strengths > 850 L“/w') are npainly

erials the principal determinants of

rrain size, volume fraction and mean free path of
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130 . 130-13¢
; 13K " . ot il
susceptible «a phase . Decreasing these parameters reduces susceptibility. s

This is done by temperature cycling through the f transus during procescing
or heat-treatment: equiaxed a transforms to fine plates,the volume fraction

of B is increascd, and the dispersion of B (which is immune and acts as a
\ 130,131,133,134,136-138 _
crack arrester - ! S ek i ) between the « plates reduces the mean

free path. Figure 21 shows that § processing and/or heat treatmeni gencrally

raises Ky above median values.
seo

C

In a—-B alloys interstitial content has less influence on stress corrosion
susceptibility than phase morphology. Reduction in oxygen content to extra
low interstitial (BLI) levels is beneficial mainly to toughness (see previous

section), except when the total (A1+0) content is critical in determining
e Rl s . .

susceptibility . Similarly, reduction in hydrogen content (velow 30 ppm)

139

has little influence except in otherwise highly susceptible alloys, when

- - o= YAG
Ky can e doubled »
sce

Except in B alloys the mechanism of stress corrosion cracking involves

. 145,137,141

=~ s = T ; =
cleavage of the o« phase on a plane 13 -17 from basal 'his results
& f

. . ) . . ~ 3 . F Y\
of texture in determining susceptibility in (cctp)
136

pes

in a pronowiced effec

processed and heat treated material . B processing und/ur heat treatment

b

has the advantage of ing texture as well as providing resistant

microstructures.

The most important factor governing stress corrosion susceptibility in
f g {

142

&
high strength steels is the strength lewve . Figure 22 shows failure times
for smooth specimens exposed to a marine atmosphere, and KT“OC values in salt
water for a number of classes of steel. All steels with yield strengths above
1450 Kﬁ/mv arc susceptible to stress corrocion and tend to have low Ky _
values, irrespective of the type of alloy, composition, structure, or hén
treatment.

Crack initiation in smooth specimens commences from surface pits,
- g . x 151-154 - i A
which are prone to form at inclusions « The most resistant materials ar

steels (e.g. 17-4 PH, 155 PH, PH 13-8Mo, AM 362)

the martensitic st
followed by semi-austenitic stainless steels (17-7 PH, PH 15-Tlo, AN ”v%).“
The low alloy steels reguire protection, which is generally a combination of

cadmium plating and overlying paint.

Crack propagation is mainly intergranular, along prior austenite grain
2] A2 1 o
| ,.',L'l 9k 5yl

6C
> : ) 4 ; - . o i
boundaries. 7 Crack rates are generally faster at higher

strength levels sy and arc grcatly dependent on microstructure. At a
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given strength level the fastest cracking is observed in low alloy steels.

Increasing alloy content lowers the crack vclouity147'1q9, and maraging

46

steels have crack rates ~ 10 times less than low alloy steelsl

the grain size of 4340 steel decreased the crack velocityléo.

. Reducing

CARTER146 showed that crack rates in a 350 grade maraging steel could be

varied over two orders of magnitude by changing the agecing temperature.
Information about microstructural influences on Klscc is limited.

Studies on 4340—typelzgfié; showed that there was no effect of prior

austenite grain size s and that the only gquantities significantly

altering KIscc were the C and Mn contentsl43. CARTER146 found no influcence
of heat treatment on KIscc in a 350 grade maraging steel. For precipitation
hardening stainless steels the generally lower KIscc values in semi-
austenitic alloys have been tentatively attributed to the presence of o-
ferrite with an associated heavy concentration of carbide precipitates.
Since it is now reasonably established that the mechanism of stress

corrosion cracking in high strength steels involves hydrogen embrittlcment143
161,162

1]

some work on the susceptibility of different microstructures to

hydrogen embrittlement is relevant here, and is summarised in Table IV,
There is a wide variation in crack velocitie3147 and pitting resistance
for steels with similar Klscc values. Thus, the susceptibility of a steel
should not be rated solely from smooth specimen time-~to-fail tests. On the
other hand, the usefulness of a fail-safe fracture mechanics approach is
limited to steels with yield strengths less than about 1450 MN/mz, e.g.

10 Ni (figure 22b). This is because in the ultrahigh strength regime the

KT and Ky values are so low, and the stress corrosion cracking rates

scc
4
sufficiently high1'7, that no cracking can be tolerated during the life

of a component.

148
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TABLE I

HIGH-CYCLE FATIGUE STRENGTHS OF HIGH STRENGTH MATERIALS 213

MATERTALS FATIGUE STRENGTH/ULTIMATE TENSILE STRENGTH

Aluminium alloys

Titanium alloys

High strength steels (1200 xvm/mz)
High strength steels (1800 r~.m/m2)
Maraging steels

0.25 - 0.3

0.3 - 0.6
0.45
0.4
0.35

TABLE IT

QUALITATIVE INFLUENCE OF MICROSTRUCTURAL FEATURES ON FRACTURE TOUGHNESS
IN QUENCHED AND TEMPERED STEELS 114

BENEFICIAL INFLUENCE

DETRIMENTAL INFLUENCE

Retained austenite network

Lower bainite

Autotempered martensite with no interlath
carbides

Tempered martensite with no interlath

films of carbides

Large carbides, sulphides
Free ferrite, as grains or as
platelets in upper bainite
Upper bainite

Tempered plate martensite

Twinned plate martensite




TABLE IIT

STRESS CORROSION RESISTANCE OF SOME 2000 AND 7000 SERILS ALUMINIUM ALLOYS
IN 3.5 % NaCl WITH STRESSES IN TIE SHORT TRANSVERSE DIKncTION 102119

ALLOY-TEMPER s Ty SMOOTH SPECIMEN THRESHOLD STRESS
DESTGNATION (ne/u¥/2) (11/m?)
2024-1351 9 48
2024-T4 <55
2024162 300
2024-T851 275
2219-T37 <9 <69
2219-T62 > 220
2219-187 ~28 > 280
2014-T451 <9

2014-T651 <8 55
7075-1651 8 48
7075=T7651 <22 170
T075-T7351 ~23 >300
7178-1651 8 18
T178-T7651 w19 170
7050-T7651X ~10

T050-T73651 25

T475~T7351 > 300
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Fig 5 Influence of heat-to-heat variations and
heat treatment on fatigue crack growth
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in normal air (Ref 37)
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