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SOME ASPECTS OF FATIGUE CRACK GROWTH
IN METALS AND ALLOYS

C. J. Beevers*

ABSTRACT

The fatigue erack growth (feg) characteristics of metal and alloys are
examined in terms of the influence of load ratio, microstructure and gas
eous environments. The low feg region which leads to thresholds is con-
sidered and the factors influencing MK and Kmax control of this region
discussed. The oceurrence of microstructure sensitive atigue crack

he formation of crystallographic facets in a wide range of

growth and th
materials and testing conditions is reported in detail. The intermediate
feg region where linear log AK v log da/dN curves are normaily observed
and feg is velatively insemsitive to mechanical properties is considerved.
Results for steels and titanium alloys tested in the intermediate to high
feg regions illustrate the influence of microstruciure and envivonment on
the form of the feg curves. in general the theme of this paper is to
illustrate the interplay between the MK and Kmage controlied crack exten-
ston processes and how these influence the form of the feg curves.

INTRODUCTION

Fatigue or repeated loading of materials is a subject with many facets.
The response to loading is in many instances related to the pattern of

the loading/environmental/microstructural profile. This profile may in-
clude such variables as loading sequence, load ratio, environment ,
microstructure, grain size, thermal activation, crack closure and dwell
phenomena. The areas of specific interest to be considered in this paper
are low fatigue crack growth (fcg) rates with some involvement in thres-
holds and crack closure. Secondly the intermediate fcg rate region where
the crack growth rate da/dN can be readily related to the stress intensity
range AK by equation (1).

LA WY n

The fast or higher fcg rate region where dwell effects can have a sub-
stantial influence will also be considered. These three regions of fcg
are identified as A-low, B intermediate and C high in Figure 1. The
conventional representation of fcg data in terms of da/dN and AK as shown
in Figure 1. In many instances the magnitude of Kp,, can influence fcg
behaviour and some consideration will he given to the origins of thi
Kmax control and to identifying those situations where Kmax can make an
important contribution to the crack growth process.
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LOW FATIGUE CRACK GROWTH RATES

This mode‘of fcg is identified a5 being in the region A of Figure 1
’Characterlstic§11>, the upper level of AK is between 10 and 20 MPa-x;H"2
a?d da/ﬁN < 10”5 mmn/cycle. In all instances the power exponent m in equa-
E1°n~(1J is observed to increase With decreasing values of AK and da/dg‘
[he'form of the growth rate curve has been shown to be dependent upon kA
ratio gKmin/Kmax), microstructure. environment, load history and the in-
teraction of these variables.

Tﬁe influence of R ratio on the £orm of the fecg curves is illustarted in
P1gurg 2 for the case of a C/Mn pearlite steel [1]. The form of R depend-
ence is observed in many metals and alloys including aluminium alloys [2]
16W carbon steels [3] pearlitic steels [4,5], quenched and tempered steels
{?J’ a-titanium [7], and o/Bf titanium alloys [8,9]. ¥t is clear from
Figure 2 that at da/dN levels les5 than 10 *mm/cycle fcg is sustained to
lower AK levels as the Kpax component is raised, that is for higher R
values. The deviation from lineaTity of the fcg curves has been associ-

ated with the occurrence of mierodtvuctural sensitive fatigue crack growth

Th1§ mode of fcg can manifest itself as planar transgranular facets or
as intergranular facets. In q-titanium and a/B titanium alloys the facets
are transgranualr. An example of Such facets is shown in Figure 3. The )
size ?f the facetted region was the€ same size as the a grainﬁsize in both
materials. The development of the facets as a function of AK is shown in
Figure 4. The corresponding fcg CUTVe is shown in Figure 5. The‘develo -
ment of the facets was associated With the change from microstructural i
cnsensitive to microstructural sensitive crack growth and a transition
from mode B to A (Figure 5). The Separation at the crack front of fhe
ma?erlal_which did not facet inpvolved a ductile tearing process. In tit-
anium alloys it has been demonstrated by spiking the loading sequence
ElOJ that facets form as a result Of continued load cycling and are not
cleavage" facets. 1In quenched and tempered steels and low plain carbon
steels [11] microstructural sensitive fcg involves intergranualr modes
of sepgration. Figure 6 shows an SEM photograph of a fracture surface
taken from an 0.01% C, 0.85% Mp steel tested in laboratory air (RH > 90%)
at R = 0.35 and at a frequency of ~ 100 Hz. The fracture surface morphol-~
Oy is characteristic for separation at AK ~ 10 Mpa-m" and da/dN ~ 106
m@/cygle. in quenched and tenmered low alloy steels intergranular separa-
tion is observed in both low and high fcg rate regions. Figure 7 shows
the percentage of fracture surfac€ COnsisting of intergranufar facets
for an En 24 steel given the fpllowing heat treatment. One and a hélf
hougs at 1250°C oil quenched, 625 C for one hour, air cooled followed-by
480°C for four hours and air cooled- The prior austenite grain size was
~ 88 um and yield stress 1090 Mpa- The intergranular facetting can be
seen to develop strongly over the AK range 25 to 14 and then diminish
This development and subsequent decrease in facetting has been observéd
in En 24 after varying tempering treatments [6,12]. The fcg curves be-
come R sensitive over the same AK Tange that the facetting develop; [6]
An example of the intergranular facetting with the accompanying ductjle'
tearing is shown in Figure 8. ’ 7

This occurrence of microstructural Sensitive crack growth has been related
[6~9, 13] to a grain size/crack tipP Plasticity interaction. Specifically
the occurrence of both trans and iftergranular facets has been shown to
occur when the reverse plastic zon€ Size Py as defined in equation (7j is
of a smaller size to the grain size [6-9]. )

p =L fAK Y
r 3 §5; (2)
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In 316 stainless steel transgranular facet formation increases over the
AK range 30 to 15 and then decreases to zero at AK = 5 Mpaem!Z[14].

The percentage area of fracture surface covered by facets was small, 10%
or less, compared with the o/f titanium and the alloy steels. The AK for
peak facet formation and percentage of area covered by facets increased

with grain size. This observation is consistent with the views proposed

earlier.

Some information concerning transgranular facet formation is presented in
Table 1. The planes are usually near close packed planes of the parent
lattice i.e. beL} in the fcc and {0001} in the cph lattice. Most authors
reported the use of Laué or microbeam Laué X-ray back reflection techniques
for facet plane orientation. The use of SACP (Selected Area Channelling
Patterns) on the SEM {[26] is proving auseful technique as a working spot
size of 100 um can be readily achieved. An example of a facet on the
fatigue fracture surface of a~titaniun identified as an (0001) plane is
shown in Figure 9. 'The models proposed for the formation of facets in-
volves alternating slip activity i.e. {111} silip leading to {001} planes

of separation in aluminium and copper {23,28]. When the veverse plasticity
at the crack tip is contained within individual grains then the anisotropy
of slip activity will produce a facet whose plane will be determined by
the orientation of the grain with respect to the principal stress. In a
polycrystalline material with a random grain orientation one should expect
to find facets of varying orientation to the macroscopic crack plane. This
is indeed observed [7] and a characteristic of A mode growth in many
materials is that the fatigue fracture surface is roughened in comparison
to the smoother fracture faces from mode B.

Environment is an important factor and intimately linked into the formation
of wmicrostructural sensitive fcg. In a-titanium, o/f titanium, plain low
carbon steels and quenched and tempered steels the trans and intergranular
facetting is not observed on the fatigue fracture surfaces if the materials
are tested in vacuum (~10"%torr or 1.33 mN m ?). At the same time the
R dependence of the fcg curves is much reduced. For transgranularly fac-
etted material the fcg curves in vacuum (dotted line in Figure 1) are
held at higher AK levels and the fcg rates are slower than in laboratory
air. ({(Figure 5). The lack of R dependence of the fcg curves in vacuum
reinforces the view that in some way the occurrence of facet formation and
the development of a Kpagx dependence of the fcg curves are linked. A
model to explain this behaviour {7] was produced as a result of work on
a-titanium where it was observed that facetting and an increase in grain
ize resulted in lower fcg rates. This observation has been supported
by results obtained from a low carbon steel where an increase in grain
size vesulted in lower fcg rates [29]. The model involves a bimodal form
of crack growth in which one component is AK dependent and the other Kpax
dependent. For low R values a strong Kpgx dependence would be expected
whilst at high R values a AK dominance of the fcg curves could be expected.
The form of the AK - Kyax interaction would be dependent upon both micro-
structure and environment. The guantitative influence of these parameters
on the fcg curves 1is yet to be resolved.

THRESHOLDS

From the form of the da/dN v AK vurves in Region A (Figure 1) the fcg
rates decrease rapidly for small decrements of AK. The implication of
this behaviour is that the cruves will approach asymtotically a AK
threshold. 1In practice AKgp as a stress intensity below which crack
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gr?wtb does not occur is not evaluated. The values quoted for AKyy in
ng; :gs;ggges %r? thosg AK value§ which result in a fcg rate in Ege range
obtajﬁﬁAx FT{LYLlB. gxtrapqlatlon of feg curves to low da/dN values to
fos éurvezh 1;% F?e'ogvl?us disadvantage th?t it presumes the form of the
histAfy éhé th; ;J a{:? tmportant to recognize the influence of stress
ot Observatiénsécebalty of careful Step down procedures to avoid ambig-

ZZSEOEersCQldS have been measureq in laboratory air, some in vacuum and
iy Vaiuez 1£on?fﬁss an? most at frequencies of 50 to 100 Hz or greater.
o f%l? t;?sc trebhplds have been reported by Pook [30] and Wiess
Le o4 the general trends show that the threshold AK levels for
Tgn)‘matgrla}s In air are R ratio sensitive, that is AKth tends towde~
;;??se with 1?cre§sing R but for R > 0.5 the sensitivity is much reduced
This obsgrvgtlon 1s consistent with the AK - Kmax interaction outiined ‘
;E‘t?e previous section. The relative influence of AK and Kpax oh“the
‘hreshold level can be considered in terms of the Y value in ;ﬁuation (3)

A% . s Y
Ken Kenp (1 - R) (3)

fzng zatg?lals teét&d in laboratory air exhibit a vy value in the region
valu;i with ;hg mild stge]s and pearlitic steels having somewhat hiéher
values in t@e region 0.7 to 0.9. The variation of AKth with R for thre
g?mlnal}y high strength aluminum alloys is presented in Figure iOb Aésscw
Ldggdkw1th the threshold regions which involved growth rates of iés~ %ha'
lQ“'mT{cycle were smooth flat regions relativelyains nsitivé to iﬁea !
?Lgiooi?ucg?reb(} gure 11). The value of 'y for these aluminium alloys is
-0, that is the thresholds occurred at a constant Kygy.

lhe results in Table II for a range of materials show that Y is influenced
b§ Ehe bresence or otherwise of laboratory air. There ié-no iﬁfiuencé “
Shenmgzggzdthe tﬁfeshold lgvel% in low alloy steels and titanium alloys
gl - 1 {ﬁ vacgum.[e,S}. bome_recent work by Lindley [32] however

3% Cr steel indicates a possible R dependence in vacuum of AKgp.

M}cro§tructural variables also influence the threshold level for /B

t}tan}um alloys tested in air, a higher threshold level for 8 heat treated

?:;:rla%~was ?bs§rved [104‘. @xtensiye c¢rack branching was associated with
€ microstructures exhibiting a higher threshold. A further influe

on threshold level can be grain size. Tests on an 0.07% ¢ —0146; Mn nee

steel have shown that the threshold is dependent upon graiﬁ s{zeoani that

the threshoild AK level increases with grain size as shéwﬁ in équu%iun (4)

A o 3 172
ZKChD 3.8 + 1.4 x 103 gV (4)

gﬁ?:e ? és Ehg grgin size iq metres. The yield stress decreased with the
-reased grain size according to the relationship in equation (5).

o = - =R
s 139 + 0.347 4 (5)

The influence of grain size on feg in -titanium [7] also indicates high
thresh91d5 with larger grain sizes. This effect of grain size on ihréi«er
h?}ds 1s the reverse of that on Fatigue limits. In Both tiféﬁium a]lé‘s
[?b} ang Steels [34] the fatigue limit is raised hy a decréasiﬁv rxiny
size. This emphasises the basic difference in thelphysical éﬁa;uffér

of Thresbolds and fatigue limits. Nominally, the fativﬁeulimir ;s—co
cerned with the probability of initiation of cracks and the‘dévelépme;;

o
o
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to a condition where sustained growth may take place. On the other hand
thresholds as measured are the condition for crack arrest not initiation.
In a series of pearlitic and pearlitic/martensitic steels [4], the thres-
hold stress was observed to occur at constant value of the maximum plastic
zone size as defined by equation (6)

(6)

There have been several models proposed to explain the "threshold" phen-
omena. Pook [30] suggested that cracks cannot grow at a rate less than

one interatomic spacing per lcad cycle. It has been suggested that the

threshold condition for non-propagating cracks in aluminium, copper

and magnesium alloyvs can be described by an expression of the form shown
in equation (7).

AKyp = AE - Bo, (7)
Klesnil and Lukas [35,36]} have studied the threshold behaviour in a series
of steels and emphasized the importance of stress history. They consider
that the R dependence of the threshold can be explained in terms of the
compressive stresses which result from the formation of the plastic zone

at the crack tip. Schmidt and Paris [37] have proposed a physical explan-
ation for thresholds and R value effects in terms of crack closure concepts.
Tests on a-titanium in the AK range 3 to 12 MN m~ ¥ have shown that Kg,

the stress intensity for £ill crack face separation was greater than Kpip
and Ky was closely linked to Kmax- For a series of tests involving
different load sequences and load ratios the log (Kyax - Kg) v log da/dN
plots showed a much closer correlation than the log AK v log da/dN plots.
These observations [38] show that fatigue crack closure can be important

in the low feg regions but do not show that closure is necessarily the
controlling factor for thresholds. Weiss and Lal [31] have developed the
expression shown in equation (8).

T L 92 o 3
Ken > (0.1 B)* p (8)
For a conservative value of AK p* o= 250 x 1071% i recommended .

The influence of elastic modulus on threshold levels is evident in the
general magnitude of the threshold stress for different metals and alloys.
However, microstructural and grain size effects can alter the threshold

level significantly for the same material. The presence of laboratory

air compared to an inert atmosphere also influences the threshold level.

The. structural features on the fracture face at threshold are difficult

to establish but the facetting of hoth a trans and intergranular character

is not obvious at these lower AK levels. 1In view of the difference in

the control of threshold levels in air and vacuum some distinct differences
in fracture surface morphology might be expected. Tn vacuum Y~0 and the
AKth is insensitive to changes in R whilst in air for some materials Kmax (th)
is more appropriate than AKth. The Kyax dependence of the threshold

might be expected to be influenced by the rate of access to the arack tip

of the environment and thus be influenced by partial vapour pressures and
frequency of loading. It is clear that predicting unique values for the
threshold is e mely difficult and that a threshold range or AK¢h should
be used to incorporate variables such as microstructure, environment, fre-
quency and closure

to
o
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INTERMEDIATE FATIGUE CRACK GROWTH RATES

Z?iégglggvéh§>lnlflal proposa% ?f Paris and Erdogan [41] many metals and
Scrited By o Le?’ahown to exhlhl? fcg characteristics which can be de-
B %ho:n gﬁitlég (;) over a limited AK range. Several authors [42-44]
factorhcontrﬁli“ the reverse plasticity at the crack tip is the important
Jie feversed iigt?he_process of crack t%p extension. The consequence of
materials b Tgé:; 1C‘€}Ow at the‘crgck tip manifests itself in some
An example zF~r{:C0rmatLon o# strlat1on§ on the fatigue fracture surface.
18, The infiuélla tipejof fracture surface morphology is shown in Figure
Stage.of e aégcze?i g;ff;si:ugt?fglla?d mechanical properties on this
Ag¢ g ¢ ] ~umented [45,46}1. The followi res is-~
695519n_therefore are focussed in the direction of 1oaggr;:igl§idand Q1s
mental influences on intermediate feg rates. ervirens

§geF?;E?;n;3mwﬁ}loys which were investigated to provide the threshold data
a110y3707§'T63§re_also tested to Q}gher AK leveis and the fcg curves for
from 10 mm thick sammrooented in Figure 13. The results were obtained
desr aiw (Re]aé? aﬁfmp%e§ te;tgéoln wet air (Relative Humidity > 90%) and
Bver the whols Mk lumidity ~ 35%) at R ratios of 0.07, 0.35 and 0.70.
relative hum’?' K range examined the effect of increasing R and the
e mﬁd—AK r; 1?y was to raise the fcg rate. The rate was increased for
&f%ecf b&t fd?gzhby-as §m§h as 20 times. The 7075 T7351 showed a similar
duced. A com _wae dlgmlnlum‘COPPGT alloy 2L93 the effect was somewhat re-
0.35 and 0'701{');n LS{m of the three alloys tested in wet air at R = 0.07,
The tensi}é r;an')? obtained from the results presented in Figure 14.
oy hi.ﬂ § Peftles of the three alloys are presented in Table I11.
Fhster Do mtfﬂ»}“ﬂs the fully hardened Al/Zn/Mg alloy exhibited the
the behaviour Q; hgt ét the low R ratio there was little difference in
gl s %hcwwg‘tf efthree‘alloys. S.E.M. observations of the fracture
observed and {},_1?,'?13OW1HE trends. At low AK's facet formation was
formation andvilbrﬁnmlnlSh?d with increasing AK to be replaced by striation
An example of t??tlle §§ar1ng, some brittle striations were also observed.
tearinplmode‘ ;ILS duytlle'tearlng is shown in Figure 15. The ductile
o £he)fréct ?fSNObﬁ?rved in a qu§11tative manner to be more prevalent
s ol 1fe inu e 5grfaces of the blgh R and wet air tests. These observa-
surfav;s - fg:@elal égre?m§nt with previous observations of fracture
demonéé}ate tg lgu?d dlum1n¥um alloys'[15,16,18,47,48]. These results
o Sl thai ig)lu?nce of load ratio and environment and their combined
quence of these A%Y gan.§ave on fcg rate§ in aluminium alloys. A conse-
portant 5%'wéi1 f§52{t?'15 that a separation process in which Kpay is im-
interm»d‘:— AL as AK can occur over almost the entire range of low and
ediate fecg range. (Regions A and B in Figure 1).

iﬁitaggc;fégigighanlsms whe?eby Yenvironmental' effects occur are diffi-
Sole tom . 13%2 ghe sub}ecE ha§ sustained interest for some consider-
o reduceé o . if ough and Sopwith [49] reported that feg rates could
that eheos iovzi énghln va?gum'rather than air. Thompson [50] suggested
Eietng plécg atb;}‘aﬁigue 1fre 13 Yacuym may be due to a degree of welding
b atténtion h1~}f\LlaC¥ tip. This view has not received general support
stituenis.of ]abb"}%e? given tg the probable role of the different con-
heoue 0% 7Ax.109édtozy air. For example Wadsworth [51] showed that a
e vaco ;ér . - torr gave a reduction by a factor of 20 in the fatigue
55 bor T tﬁé cént Of élum?nlum the water vapour content of the air appear-
ot tr? 11?g 1nf}uence.‘ Bradshaw and Wheeler [2] carried
Forrd I o thlqtebt§rso?Par%ng various constituents with vacuum. They
o e f”;" mﬂlfl.dlr increased the fcg dry argon and dry hydrogen
Lttle effect. Later the same authors {52] showed that the critical

.
-
&
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vapour pressure of the water vapour Perit to influence fcg rates was given
by equation (8).

pcrit (Pa) = 4 x 10" [Frequency Hz x fcg rate mm/cycle] 9)
Brown and Nicholson [53] suggested that the release of hydrogen as a result
of the reaction of water vapour with the crack tip was an important factor
influencing fcg rates. Meyn [18] found the feg rates of aluminium in

air to be three times the rate in vacuum. In vacuum no striations were
formed on the fatigue fracture surface. Facets were formed in vacuum as
well as air in coarse grained (~4 wm) samples. Two types of facets,

those associated with {001} planes and shiny faces identified as {111}
planes were observed. Other workers [21] have reported the formation of
rippled facets during fcg in aluminium in air and distilled water. Meyn
{22] reported envirvonmental effects in /B titanium alloys and related
these to a cyclic loading/stress corrosion interaction. The ratio of fcg
rates in air as compared to an inert environment increased as the stress
amplitude decreased.

There have been many investigations concerned with identifying the parti-
cular species responsible for increased fcg rates [54-60]. Water vapour,
hydrogen and oxygen have all been proposed as the major embrittling spec-
ies. There is no rule as to which species embrittles which material.
This situation is further complicated by the interaction of changes in
load ratio, microstructure and frequency with the active species. The
embrittling mechanism may involve surface reactions or require diffusion
to the material ahead of the crack tip. The diffusion of hydrogen or
oxygen to a region of strongly dilated lattice just ahead of the crack
tip and the possible effects upon the work to create new surfaces is an
area which should yield interesting conclusions.

HIGH FATIGUE CRACK GROWTH RATES

The sigmoidal form of the log da/dN v log AK plot shown in Figure 1 in-
dicates that there is an acceleration of the fcg rate in Region € and
that this mode of growth can be initiated at lower AK values for higher
levels of R ratio. This involvement of the Kpax component in the fcg
process would be expected as Kpmax @pproaches K.. The influence of micro-
structure, environment and load ratio on the behaviour of several differ-
ent materials will be examined in this section of the paper.

The influence of microstructure on the behaviour of a C/Mn pearlitic
steel is illustrated in Figure 16 [1]. The material MP was an 0.55% C
2.23% Mn steel with a 95% fine pearlite 5% banded martensite microstructure.
The results over a similar AK range and R ratios for an 0.55% C 0.6% Mn
steel were presented in Figure 2. Comparison of the two plots shows that
the steel MP exhibited the form of fcg curve in which the intermediate
stage B (Figure 1) is extremely limited in range. This narrow K range
for the intermediate fcg region B is primarily a consequence of an in-
itiation of region C at lower AK levels in steel MP. An S.E.M. examina-
tion of these steels revealed the presence of extensive cleavage on the
fatigue fracture faces. An example of these cleavage fracture regions

is shown in Figure 17. A quantitative S.E.M. study revealed that per-
centage area of fracture surface covered by cleavage fracture increased
substantially between a Ky, of 15 and 20 and this Kpgx value was inde-
pendent of R ratio.

i
S
ul
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A coarse grai ] i i

e | fo lgegadlgw farP?g, high nitrogen steel was tested over the AK

was Bliservad on fh ; zf?dLLOS 0.05 to 0.5 [17. Cleavage fracture

litic stee]. Quansitat%gue fracture surfaces as in the case of the pear-

surfaces revealed ti-?tlve petallographic examination of the fracture

creased rapidly in édt tﬁ? s og fracfure face covered by cleavage in-

e e 11 pligee cleq$?§ range 20 to 30 and was independent of R ratio

PR D . Steei o ioﬁi aﬁeas on the fractyre face was initiated invtﬂe

materials mee oy 1@~brf max }eyels than in the plain carbon steel. Both

fog Characteristjcz .5rgu t?e‘Jnf}uenceiof sub-critical cleavage on the

of the feg curves (ﬁio‘ was L?ncjnded [1] that the strong R dependence

Kimax domi aat e cieavabure‘l?) is a;congequence of the occurrence of the

HOSE striking in fhe ge pr?c?ss, The influence on the fcg curves Qag

banded Wi barsie e Dpf??lltlc stegls and was related to the presence of

age in many instégceée.d%l?d:W?tallographic studies indicated that cleav-

interfaces. e was initiated from the pearlite/martensite plufelet
acceleration of the fcg rates was considered to ha;e

occurred as a result i
Sl of th y F & : initi
i e e llz)kage of i ndr,pcndc-fm,ly initiated Slll’)Cl‘itical

A strong R ratj depe

P 6ALg4V) Czéobgzggzdence of the fcg curves of an a/f titanium alloy
tests wers carried Oute?ved in the results presented in Figure 18. The
tests were carried out é“ri:?ﬁzdigrg glroagg in vacuum (~ 0.7 nPa). The
of 0.2 Hz. . : O ratios - V.7, 0.55, 0.35 and 0.25 at a fre

o evidint i£050t;'5_gr?ater than ~ 20 Mpa*m”@ a Strong)inflézngefg;q;ency
particular AR 1evela$§~dnd~Ya§uum' In all cases the rate of fcg for amax
to the nakes eye.‘ Pr;b éess in vacuum Fhan air. The similar in character
Cotmatics B rqu‘i.E‘M' obsgrvatlons it was noted that striation
air except for the hf:hlgyt??.thentraCt“?e faces of specimens tested in
linked with the prowig/ S 651: 'he striation spacing could be readily
drop methods. Tgé fw.,C}ﬁle abvestab%wshed from optical and potential

the prosence oF Qtr{}:gtu%e surfac?s from the vacuum tests did not fcveal
Other featuresroE tﬁ: ;o?s aﬁ readily as in the case of the air iost%

AK values and 4 buiis racguxe syrface‘1ncluded some facets at the lé&er
levels. An example‘;fUP-?t ductile voids or dimples at the higher K 3
tearing is presented inm;?ed mode growth with striations and ductile
VR sas Ko doﬁian.d fgure 17.  In this material the fracture mode
curves was separariog g and }ead to Fho strong R dependence of the feg
steels [1] whpor {h@ N g ductile tearing. This can be compared withAtHe
ey BOTmaT he ependence comes mainly from sub-c

max

fitical cleavage

A further sha i i
observes Whenr552;?gt9f §he‘R ratio effect in the a/B titanium alloy was
cycle were introducedlme? - minutes at the maximum load of the load
increased by a facéor' £ 0 both air and vacuum tests the feg rates were
was predominantly gz feot e tofsu over a limited AK range. This effect
~ 40 Mpaemis Sﬁ§taiﬁ?§ufe Whlch occurred when Kmax was greater tﬁnn
40 Mpa-mi2 o a];o fhé(K oadlgracklng experiments in ajr(shuwed that
was diminishing1y~cmqlf mgx’J?Velibelow which static crack growth rate
tip by cavefi metgl}oyf- hgamlnat%on.or the material ahead of the crack
b [ i a;lraér?phlc sect19n1ng showed that transgranular cfavk
rate. S.E.M. obseréatfnb-wa% ﬂSSO?lath with the acceleration of the Y
EEifiod 1o Speofia %Oﬁ%'Of the fracture surfaces of dwell and sﬁ?:
f oture s Ofua,séggéyegled the presence of facets. Ap example of the
[22] examines s o ‘ffléeq load specimen is shown in Figure 20. Meyn
when Ky, was greatgf ;ﬁgdvépur Of a Ti 8Al 1Mo 1V alloy and showed that
frequency of the 1een CV&T' [SQC the fecg rate became sensitive to the )
formation. The Wil i e. ?h? fracture surfaces also exhibited facet
Present results in many ways were consistent with fhe’

feg

246
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earlier observations of Meyn [22].

The present observations show that a change in the fracture mode by
allowing increased time for the influence of some species such as hydrogen
to reach the crack tip and its vicinity can produce marked changes in the
fcg rate. The specific facet planes were not identified in the present
work. If, however, the orientations of the facets were of a constant
character then texture would have to be also considered as a variable in
the factors which can influence fcg rates.

The results presented in this section are like those reported by other
authors [61,62] show that microstructure and environment can introduce
a strong Kygy element into the control of fatigue crack growth rates.

ACKNOWLEDGEMENTS

The author wishes to thank Professor R. E. Smallman for providing the
facilities for the preparation of this report. The financial support of
the Procurement Executive MOD, SRC and British Railways in the pursuance
of the results presented in this paper is gratefully acknowledged.

REFERENCES

1. BEEVERS, C€J.J., COOKE, R.J., KNOTT, J.F. and RITCHIE, RO., Met. Sci.
J.,09, 1975, 119.

2 BRADSHAW, J.F. and WHEELER, C., App. Mat. Res., 5, 1966, 112.

3. DRUCE, S.G., Private Communication.

4. 7 COOKE, R.J. and BEEVERS, C.J., Mat. Sci. and Eng.
5 COOKE, R.J. and BEEVERS, C.J., Eng. Frac. Mech., 5, 1973, 1061.
ERS, €.J., Eng.

13, 1974, 210.

6. COOKE, R.J., IRVING, P.E BOOTH, G.S. and BEE
Frac. Mech., 7, 1975, 69.

e ROBINSON, J.L. and BEEVERS, C.J., Met. Sci. J., Is 1973, 153

8. IRVING, P.E. and BEEVERS, C.J., Met. Sci. and Eng., 14, 1974, 229.

9. IRVING, P.f. and BEEVERS, C.J., Met. Trans., 5, 1974, 391.

10. PATON, N.E., WILLIAMS, J.C., CHESNUT, J.C. and THOMPSON, A.W.,

AGARD Conference Proceedings No.185, YAlloy Design for Fatigue

and Fracture Resistance'.

i1. DRUCE, $.G., Private Communication.
977 IRVING, P.E., Private Communication.
13. BIRKBECK, G., INKEL, A. and WALDRON, G.M., J. Mat. Sei.; 6, 1971,

319,

PRIDDLE, E.K. and WALKER, F.E., J. Mat. Sci., 11, 1976, 386.

14,

15. FORSYTH, P.J.E., STUBBINGTON, C.A. and CLARK, D., J. Int. Metals,
, 1963, 238.

16. STUBBINGTON, C.A., Metallurgia, 68, 1963, 109.

7, WILLIAMS, H.D. and SMITH, G.C., PRil. Mag., 13, 1966, 835.

18. MEYN, D.A., Trans. ASM, 61, 1968, 52.
19. GELL, M. and LEVERANT, G.R., Acta Met., 16, 1968, §53.

20. THOMPSON, K.R.L. and CRAIG, J.V., Met. Trans., 1, 1970, 1042.

21 . FEENEY, J., McMILLAN, J.C. and WEI, P.R., Met. Trans., 1, 1970, 1741.
1971, 853. -

22 MEYN, D.A., Met. Trans.,

2% GARRETT, G.G. and KNOTT, J.¥., Acta Met., 23, 1975, 841.

24. NEAL, D.E. and BLENKINSOP, P.A., Acta Met., » 1976; R9.
25. PRIDDLE, E.K. and WALKER, F.E., J. Mat. Sci., 11, 1976, 386.
26 WARD-CLOSE, C.M., Private Communication.

27 RICHARDS, C.E., Acta Met., 1971, 583.

247



6

28.
29.
30.
31.
324
33.

41.
42.

46.

0.

60.
61.
62.

J.

Beevers

Fracture 1977, Volume 1

NEUMAN, P., Acta Met., 22, 1974, 1155.

MASOUAVE, J. and BAILON, J.P., Scripta Met., 10,
POOK, L.P., ASTM STP, 513, 1972, 106. -
WEISS, V. and LAL, D., Met Trans.,ri,
LINDLEY, T., Private Communication.
LUCAS, J.J., Titanium Science and Technology, Plenum Press; N.Y.;
3, 1973, 2081.

?OKOBORI, T. and KAW. SHIMA, T., Rep. Res.
Fracture of Materials, 5, 1969, 51.
KLESNIL, M. and LUKAS, P., Met. Sci. Eng., 9, 1972, 231.
KLESNIL, M. and LUKAS, P, Eng. Frac. Mech., 4, 1872, 77.
SCHMIDT, R.A. and PARIS, P.C., ASTM STP, 536, 1973, 79.
HERMAN, L. and BEEVERS, C.J., Brown Univerngy Report, 1976.
KIRBY, B., Private Communication.

HICKS, M., Private Communication.

PARIS, P.C. and ERDOGAN, F., J. Basic Eng., 85,
TOMPKINS, B., Phil. Mag., 18, 1968, 1041.

LAIRD, C., ASTM STP, 415, 1967, 139.

PELLOUX, R.M.N., Eng. Frac. Mech., 1, 1970, 697.
PLUMBRIDGE, W.J., J. Mat. Sci., 7, 1972, 939.
TETLEMAN, A.S. and McEVILY, A.J., Fracture of Structural Mechanics,
Wiley, N.Y., 1967.

1976, 165.

1974, 1946.

Inst. Strength and

1963, 528.

FORSYTH, P.J.E. and RYDER, D.A., Metallurgia, 63, 1961, 117.
FORSYTH, P.J.E., Acta Met., 11, 1963, 703.

GOUGH, J. and SOPWITH, D.G., J. Inst. Met., 49, 1932, 93.

THOMPSON, N., WADSWORTH, N. and LOUAT, M.P., Phil. Mag., 1, 1956,
113.
WADSWORTH, N.J. and HUTCHINSON, J., Phil. Mag., 3, 1958, 1154,

BRADSHAW, F.J. and WHEELER, €., Int.
BROOM, T. and NICHOLSON, A.J., Inst.
SHAHINIAN, P., WATSON, H.E.
JMLSA, 7, 1972, 527.

FROST, N.E., App. Mat. Research, 3, 1964, 131.

STEGMAN, R.L. and SHAHINIAN, P., Met. Sci. J., 6, 1972, 123,
VAN SUAN, L.F., PELLOUX, R.M. and GRANT, N.H., Met. Trans., GA,
1975, 45,

SPITZIG, W.A. and WEI, R.P.,
SPITZIG, W.A., TRALDA, P.M.
1968, 155.

SPIT2IG, W.A. and WEI, R.P.,
RICHARDS, C.E.
RITCHIE, R. O.

J. Frac. Mechs., 5,
Met., 89, 1960, 183.
and SMITH, H.A., J. of Materials,

1969, 255.

Eng. Frac. Mech., 1, 1970, 719.

and WEI, P.R., Eng. Frac. Mech., 1,
Trans. ASM, 60, 1967, 279.

and LINDLEY, T.C., Eng. Frac. Mech., 4, 1972, 951.
and KNOTT, J. F., Acta Met., 21, 1973, 639.

248

¢. J. Beevers

Fatigue Crack Growth in Metals and Alloys

Cystallographic facets formed during microstructural
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Table 7 v = - g 3 3

Table 2 The valu.e:, of vy (equation 3) obtained from a range
Qf materials and testing conditions AKtp obtained
from fcg rates at ~ 10-8 mm/cycle
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Figure 1 A schematic representation of the sigmoidal log da/dN v log AK
curve developed by many metals and alloys. Region A low fatigue crack
growth rates. Region B intermediate fatigue crack growth rates and Cs
high fatigue crack growth rates.
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Figure 2 The influence of R ratio (0.06 - 0.73) on the fcg curves of a
medium carbon/manganese pearlitic steel tested in laboratory air at a
frequency of ~ 85 Hz.
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Figure 5 The fecg curves for mill annealed Ti 6A1 4V tested in labora-
tory air and vacuum (< 3.3 mPa) at R = 0.35.
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laboratory air as a function Figure 6 Intergranular separation on the fatigue fracture face of a

low carbon mild steel tested in laboratory air. AK ~ 10 MPa.m'*.
Magnification X 175.
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Figure 7 The percentage of fracture face covered by intergranular

fracture faces as a function of AK for R ratios of 0.7 and 0.1 in an : FrACEarS
En 24 steel tested in air. Figure 9 An example of an (0001) facet ‘(A) on ‘th? fat1gue ‘1.:;(@)0, 5
face of a-titanium tested in laboratory air. Magnification X 200.
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Figure 10 The influence of R ratio on the Z}K threshold level &d?/d\
< 107 %mm/cycle) for an aluminium/zinc/magnesium alloy (7075) and an
aluminium copper alloy (2L93).

Figure 8 The fracture surface of an kEn 24 steel showing smooth
intergranular facets. Tested in air, R = 0.35, AK = ~ 11 MPa-m¥*,
Magnification X 1700.
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Figure 13 The feg curves for the aluminium/zinc/magnesium alloy
7075-T651 tested in dry air and wet air at R ratios of 0.07, 0.35
and 0.7.

?jiigux?'e i]( Mqt dark shiny faces formed in the threshold region of
g;e h(j7a— 651 alloy tested in air at R = 0.68. The average growth 'rate
in these flat v ons was ~3 x 10 %mm/cycle. Magnification X 1,400.

-
ada
10% |-
- o8t |\
o 80 .t
. —%-q&"’”ff“ o
£ ‘t’
i
"
- 4
B 107
[ d
& L
€
_*‘_zi
B 5]
o 10
i <
- WET AIR
] RS R
7078
Trem | %1 1 ®
6 2T A M s
0" 2193 | ¢ x| »
g SEN TENSION 105 Hz
i i 1 | I I} L I I {
2 3 4 S 6 7 8 8 10 12 1% 20

o3 . Figure 14 The feg curves for the aluminium alloys 7075-T651,
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Figure 17 Cleavage facets on the fatigue fractuer surfaces of the
C/Mn steel containing banded martensite. R = 0 3, AK ~19.6 MPa-m'2.
Magnification X 420.

Figure 15 "he fati p
Leit(}il i; ‘ 'l.h'r_..i.atlgue fracture surface of a 7075-T651 Al/Zn/Mg alloy
WET aiy at R = .35, AK ~ 18.7 MPasm*2.  Magnification x>,2o(})
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Figure 16  The ¢
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martensite ];Zﬁ:?%; }—ul;m;, of a C/Mn pearlitic steel containing banded 5
Hakab sted an laboratory air between R = ¢ and R = ' 3 i i > d ' ] i i
Y tween R = 0.1 and R = 0.72. Figure 18  The feg curves for a Ti 6Al 4V alloy tested in air and vacuum

(< 0.7 mPa) at R = 0.7, 0.55, 0.35, 0.25 at a frequency of 0.2 Hz.
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Figure 19 The fatigue fracture surface of a Ti 6Al 4V specimen
tested in air at R = 0.25, AK ~ 19 MPa. Magnification X 1,660.

Figure 20 The fracture surface of a Ti 6A1 4V alloy tested under
static load conditions in air Kmax ~ 48 MPa-mY2. Magnification X 1,600.
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