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ABSTRACT

Fatigue crack growth in the powder metallurgy alloys X7090-T6,
X7091-T7E69, and IN 9021-T4 has been studied as a function of R ratio in
air. Additional tests in a 3-1/2% NaCl environment have also been made.
S/N properties of X7090-T6 and X7091-T7£69 have been determined. Fatiaue
data of 7075-T6, an ingot metallurqy product, have been obtained for
comparison. Attention has focused on the effect of microstructure and
crack closure V¢ tre near threshold region. Of particular interest was
tne lack of dete table locure 1n the ININZ21 alloy even at threshold.

Thic allu, nat tre lowest *rreshold of the various alloys tested. In

one sertes ot te t- o 0 TOYN-TR paterial was removed from behind crack
tip in order . understang better the influence of material remote from
the cra.k tip un tre Closure process, A relatively small effect was

found, an indication that losure printipally results from near tip
contacts. Tne effect of a 3-1/2 NaCl environment was found to depend

on the alloy. For 7075-T76 the threshold level was increased due to the
presence of corrosion products which increased closure levels. For the

T-L orientation of X7090-T6 and X7N91-T7ER9, the threshold Tevels decreased,
an indication that possible beneficial effects of corrosion products an

closure were offset by the aggressive characteristics of the environment.




INTRODUCTION

This report covers the second year of a program of research aimed
at improving our understanding of fatiaue processes in powder metalluray
(P/M) alloys of interest in structural applications. During this period
attention has been focused on the fatigue crack arowth characteristics
of three P/M aluminum alloys, X7090-T6, X7091-T7E69 and INON21-T4, a
mechanically alloyed product. Additional tests of the ingot metallurgy
(1/M) alloy 7075-T76 have been carried out for purposes of comparison.
The results of tests in air as a function of mean stress level, and in
sodium chloride environments will be described. Particular attention
has been given to the near-threshold region and the role of crack-
closure therein. In addition the S/N properties have been obtained to
X7090-T6, X7091-T7€69, and 7075-T76.

NMATERIALS AND EXPERIMENTS

The following alloys were obtained in extruded form from ALCOA via

the Lockheed-California Company:
P/M X709N-TF
P/M X7N91-TTEE9
I/M 7075-T6

The mechanically alloyed P/M product was obtained from Novamet as a
forged plate.

The nominal chemical compositions for these materials are given in
Table 1. The tensile properties as determined in our laboratory are
given in Table II. The microstructures of the three P/M alloys are
shown in Fig. 1 for comparison. Additional microstructural views are

shown in the previous annual report.
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The S/N fatigue tests were conducted on hour-glass shaped specimens
under fully reversed axial load test conditions (R = -1). The tests
were carried out at 30 Hz at 20°C and a relative humidity of 50%. A
sinusoidal wave form was employed. Specimen surfaces were nolished
Tongitudinally with 1 .m diamond paste prior to testing. The specimen
axis was in tne direction of extrusion.

The specimens for fatique crack growth tests were 6.3 mm thick of
the ASTM compact type with an effective width, W, of 57.2 mm and a half-
height, H, of 34.4 mm (H/W = 0.6). The specimens from the ALCOA products
were machined from 1.5-inch thick sections in the T-L orientation. The
specimens from the Novamet product were machined from a 1-inch thick
section. Because of the extent of material removed during machinina any
possible residual stress effects on fatiaque behavior is thought to be
minimal. In determining the rate of fatique crack growth as well as the
threshold level a ‘'K-decreasing test was employed. In this procedure
loads were reduced by 17. or less and the crack was allowed to arow a
distance corresponding to at least five times the monotonic plane stress
plastic zone of the previous loading for each load decrement. 'Ky, was
determined as the stress intensity factor, *K at which no crack growth
was observed for at least 2x106 cycles. The crack opening characteristics
were also examined using the modified elastic compliance method in which
an elastic compliance was electronically subtracted from the total crack

opening displacement (COD) signal to increase sensitivity.
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RESULTS AND DISCUSSIONS
1. High Cycle Fatigue Properties (S-N)
High cycle fatique properties (S-N) for P/M X7090-Th and X7091-

T7e69 alloys as well as an I/M 7075 T76 examined. The results are

. presented in Fig. 2. It is noted that both of the P/M alloys exhibit

superior fatigue resistance as compared to the I/M 7075 alloy. This
result may reflect the higher yield strenath of the P/M aluminum alloys
as compared to the [/M aluminum alloy. The results of high cycle fatique

tests together with tensile properties are summarized in Table III.

[I. Near-Threshold Fatigue Crack Growth in 3-1/2 NaCl Solution

Near-threshold fatigue crack growth in 3-1/2” NaCl solution was
studied for the P/M X7090-T6 and X7091-T7€69 alloys as well as the I/M
7075-776 alloy in the T-L orientation. A1l tests were conducted at R
= (.05.

The results of crack growth tests in 3-1/2 NaCl solution together
with results in air are presented in Figs. 3-5. Also shown in Fias. 6-8
are the results of crack opening load measurements. In the intermediate
region, the crack growth rates in NaCl solution are higher than those in
air at a given aK level for all alloys. In the near-threshold region
growth rates in the NaCl solution for the I/M 7075 alloy were siower
than in air but faster for the P/M X7090 and X7091 alloys. As shown in
Figs. 6-8 all alloys showed that in the NaCl solution the crack closure
level rapidly increased as the stress intensity approached AKTH.
Fractographic analyses revealed that a great extent of corrosion debris

had built up between the mating fracture surfaces in the NaCl environ-

ment. A typical example of corrosion products observed aon the fracture

Cemr e ——— g .




surface of the X7091 alloy is shown in Fig. 9. Since these corrosion
products significantly reduce the effective crack tip openina displace-
ment (1,2), the observed increase in closure level in the NaCl environ-
ment is strongly associated with thick corrosion products. In all cases
thickening corrosion products significantly contributed to the arrest of
the crack at threshold. However, a process for thickening corrosion
products appears to vary with the type of alloy. In order to show this
variation in thickening process of corrosion products, the results of
crack opening load measurements for K-decreasing tests for all three
alloys shown in Figs. 6-8 are replotted in Fig. 10. This fiaqure clearly
indicates that the crack closure levels for the 1/M 7075 are higher than
those for the P/M alloys at a given ‘K level. Since the closure level
in corrosive environments such as the present NaCl solution is strongly
associated with thickness of corrosion products, the result seen in

Fig. 10 indicates that corrosion products developed in the I/M 7075

alloy are easier to thicken as compared to the P/ products.

II1. Load Ratio Effect on the MNear-Threshold Fatigue Crack Growth

The effect of load ratio on the near-threshold fatigue crack growth
was examined for the P/M X709076 alloy. Fatigue crack growth tests were
conducted on the 6.3 mm thick compact type specimens machined in the T-L
orientation. Fig. 11 shows the da/dN vs. &K plots obtained at three
different R ratios, 0.05, 0.5 and 0.8. The influence of the load ratio
on the threshold level and fatigue crack growth rates is apparent, i.e.,

as the load ratio increases arowth rates for a aiven 'K level increase

and the threshold level decreases. The results of crack openina load
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measurements are presented in Fig. 12. This fiqure indicates the siaonificant
load ratio effect on crack closure characteristics of this P/M aluminum
allaoy. At R = 0.05 crack closure levels were high in the near-threshold
region and decreased to a much lower level as “K increased. The crack
closure level is much lower at R = 0.5 as compared to that at R = 0.05,
Furthermore, no crack closure was observed at R = 0,8. At R = 0,05, the
significant fractographic features in the near-threshold reqgion are the
shear facets, indicating that the shear mode crack growth is dominant in
the near-threshold region (Fig. 13(a)). The fracture appearance at the
threshald level shown in Fig. 13(b) was smooth. This smooth fracture
surfice was due to extensive fretting action taking place behind the
crack tip. As shown in Fig. 14(a) shear facets were observed at R =

0.5. However, these shear facets formed only near to the threshold

level, approximately below a ¥ of 2 MPavm. The shear facets at R = 0.5

are smaller and more sharply defined than those at R = 0.05. At R =0n.8
where no crack closure was obtained, shear facets were observed only

very near to the threshold level, approximately less than 1.3 MPa.m. As
shown in Fig. 14(b) the shear facets observed at R = 0.8 are very sharply
defined, indicating that the extensive fretting action which occurs at R
= 0.05 is absent. The present study reveals that a combination of Mode
I1 and Mode 1 crack growth (3) took place in the near-threshold region

at all R ratios. However, increasina the load ratio lowers the onset of
the Mode 11 crack process. As a result the presence of shear facets
appears to be restricted to a much narrower °K ranqge at the hiaher load
ratios. A variation of load ratios considerably alters fracture appearance

in the near-threshold region, particularly the sharpness of shear facets.




The high crack tip closure force at R = 0.05 results in considerable
fretting action between the mating fracture surfaces. As a result the
fracture surface becomes smooth. Increasing load ratio decreases the
crack closure force, resulting in less fretting action., Therefore the
higher the load ratio the more sharply defined shear facets become.

An overall representation of the effect of R ratio on YKTH is shown
in Fig. 15. For positive R ratios urack closure is most pronourced near
R = 0. As the R ratio incceases the extent of closure {and the role of
Mode I1) decreases. At R ratios above 0.6 the full 'K range is effective
in propagating a crachk just above the threshoid. Hote that das P ratio
approaches 1.0 the fracture toughness of the material places an upper
limit on the value of fmax. 1In the R regime close to P - 1.0 the value
of Kmax is fixed by K. and the value of Kuin by the relation Kmin = KCR.

For values of R in the negative region, if the compressive load can
serve to further close the crack,the value of tmax at threshold will
decrease and there is some evidence for this (7). On the other hand if
the crack is closed at R = 1, then the value of Kmax mday not decrease on
going into the nedative R region. As negative R ratio increases, .ne
compressive yield strength of the material places a lower 1imit on the
value of Kmin. Further work at negative R radios is needed to under-

stand this behavior more thoroughly.

IV. Crack Closure Characteristics in the Near-Thireshold Region
It has been recognized that crack closure levels are high because
of a combination of Mode II and Mode 1 crack growth (3) as well as oxide

or corrosion products (1,2). However, Newman (4) recently suggested
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based upon his computer anaiysis of crack closure characteristics that
the fatigue thresholds obtained in load reduction schemes artifically
develop as a result of the high closure effect due to the residual
plastic deformation in the wake of the advancing crack. In the present
study the influence of the load-reduction schemes on the rate of fatigue
crack growth and the crack opening load characteristics were critically
examined with 6.3 mm thick compact type specimens machined from the
X7090 alloy in the T-L orientation. In order to examine the influence i
of the load reduction schemes, the stretched material due to plastic
deformation in the wake of the advancing crack was removed by electro-
discharge machining., After cutting the Kop level was reevaluated and
the rate of crack growth was also redetermined at the same 1K level.
Fig. 16 shows the results of the fatique crack arowth test. Also shown

in Fig. 17 are the results of crack opening load measurements in terms

of KOp as a function of "K. A threshold level of 2.2 MPa.m was first
obtained by a .K-decreasing procedure. Then a cut was made to remove

the stretched material in the wake of the crack. The length from end of
the cut to the crack tip was approximately 0.9 mm. As a result of this
cut, the crack which had not grown for 2x106 cycles started again and
propagated at a growth rate of ].5x10-6 mm/cycle. As shown in Fig. 16,

a new threshold developed at K = 2.0 MPa.m in a subsequent 'K-decreasing

test. The corresponding reduction in K o is 0.25 MPavm. Since the

Y
cutting removed the contribution to the crack closure from the combination
of Mode 11 and Mode I crack growth in the near-threshold region in
addition to the residual plastic deformation, these differences between

the two fatique thresholds and the corresponding Kop levels are con-

sidered to be very small, It is important to note that the fatiaue




threshold can develop without any contribution of the residual stretch
in the wake of the advancing crack at least for distances behind the
crack tip greater than 0.9 mm. From tie.e results, it is concluded that

the near-threshold fatique crack growth is stronaly associated with the

Mode Il and Mode I crack growth.

V. Near-Threshold Fatigue Crack Growth in a (MA) IN 9021-T4 Alloy

The near-threshold fatigue crack growth of an IN 9021-T4 aluminum
alloy is being investigated. This alloy was produced by means of mechanical
alloying (MA). The MA process is a unique high energy milling process
for producing metal powders (5) and the resultant microstructure contains

a uniform, equiaxed fine dispersion of oxygen and carbon particles. It

has been reported (6) that this alloy shows excellent mechanical properties
as well as a superior resistance to stress-corrosion cracking., The
chemical composition and tensile properties of this alloy are shown in
Table T and Table II. Fatique crack growth tests were conducted on 6.3

mm thick compact type specimens machined from a forged plate in the T-L
orientation. An example of the microstructure is shown in Fiq. 1(c).

This micrograph taken with an optical microscope at a magnification of
1000 did not reveal any grains, suggesting a very fine arained micro-
structure. In fact, we were informed by Novamet, producer of IN 9021-T4
alloy, that the average grain size of this alloy is of the order of 0.2 .m.
This grain size is much finer than those of the P/M X7090 and X7091

alloys (approximately 1 :m « 10 .m). TEM (Transmission Electron Micro-
scopy) studies to characterize the microstructure of the IN 9021-T4

alloy are planned in the third year of the progran.




The rates of fatique crack growth at R = 0,05 and R - 0.5 are
presented in Fig. 18 as a function of 'K, Fig. 18 also includes results
for the 7075 T76 alloy for purposes of comparison. As seen in the
figure, at R = 0.N5 faster qrowth rates and a lower threshold level were
obtained in the IN 9021 alloy as compared to the 7075 alloy. It is
noted that the threshold level of this alloy ('Kyy = 0.85 MPa.m) is

tower than those of the P/M X7090 and X7091 alloys (- - 2.3 %Pa.m for

KTH

the X7090 alloy, aK M 2.4 MPavm for the X7091 alloy) in the same

T
orientation. Although the R = 0.5 test has not been completed, data
points in the near-threshold region are also shown in Fig. 18. Fatigue
crack growth rates at R = 0.5 as a function of ~K are similar to those
at R = 0.05, indicating that the near-threshold fatigue crack arowth of
the IN 9021 alloy is independent of load ratio. Tt is important to note
that no detectable crack closure was obtained for both the R = 0.05 and
R = 0.5 tests. No influence of load ratio on the near-threshold crack
growth associated with no crack closure in the IN 9021 alloy is con-
trasted with the near-threshold crack growth of the x7090-T6 alloy in
which the significant load ratio effect on the near-threshold crack
growth behavior was observed as described in Section [11 of this report.
A fractographic study on the fracture surface of the IN 9021 alloy
tested at R = 0.05 revealed that tne fracture appearance in the near-
threshold region is extremely smooth, as shown in Fig. 19. The crack
path in the near-threstinld veaion dupears to te transaranular. The
smooth fracture surfdaie observed i the near-trreshold region of the IN

9021 alloy is contrdasted by the toortucu- vv 1D argpnic! ask arance
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obtained. In general for most alloys at low load ratios,closure levels
in the near-threshold region are high because of the Mode Il and Mode I
crack growth. The importance of the Mode II contribution is to develop
mismatch of crack faces necessary for high crack closure throuah a
tortuous crack path. However, for a microstructure with very fine
grains, the tortuosity is limited and therefore it is difficult for
mismatch to occur. From the present fractographic analysis the lack of

crack path tortuosity is evident in the IN 9021 alloy.

VI. Comparison of Alloys

Fig. 20 compares the fatigue crack growth behavior in the near-
threshold region for the aluminum alloys investigated. 1IN 9021, which
shows an absence of detectable closure exhibits the lowest threshold
level. The other three alloys all exhibit high thresholds as well as
closure but there is not a one-to-one correspondence between these
characteristics, probably because errosion behind the crack tip affects
the closure level difference in these alloys. Above the near-threshold
region the crack growth rates in the P/M alloys are higher than in the
I/M alloy, and this may be associated with lower closure levels of the

P/M alloys in this arowth rate region as compared to the I/M alloy.

-—— - e+ ———
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Microstructures taken from the longitudinal sections of P/M
aluminum alloys, (a) X7090-T6, (b) X7091-T7€69, (c) 1N9021-T4.

Number of cycles to failure vs. maximum stress for aluminum alloys

tested at R = -1.

Fatigue crack growth rates of X7090 aluminum alloy tested at R = 0.05
in 3.5 pct. NaCl solution.
Fatigue crack growth rates of X7091 aluminum alloy tested at R = 0.05

in 3.5 pct. HaCl solution.

Fatigue crack growth rates of 7075 aluminum alloy tested at R = 0.05
in 3.5 pct. NaCl solution,

Results of crack opening load measurewents for X7090 aluwinum alloy
tested in 3.5 pct. NaCl solution.

Results of crack opening load measurements for X7091 aluminum alloy
tested in 3.5 pct. NaCl solution.

Results of crack opening load measurements for 7075 aluminum alloy
tested in 3.5 pct. HaCl solution,

Fracture surface of X7091 tested at R = 0.05 in 3.5 pct. NaCl solution.
Note that corrosion products developed on the fracture surface. Arrow
indicates direction of macroscopic crack yrowth.

Comparison of closure levels for three types of aluminum alloys tested
at R = 0.05 in 3.5 pct. NaCl solution. Data points were taken from
only K-decreasing tests for all ailoys.

Fatigue crack growth rates of X7090 aluminum alloy tested at three R
ratios.

Results of crack opening ioad measurements for X7090 aluminum alloy

at three R ratios. llote that no closure was observed at R = 0.8.
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20

Fracture surface of X7090 aluminum alloy tested at R = 0.05. Arrow

indicates direction of macroscopic crack growth. (a) 5)(10°6 mm/cycle,
(b) AKTH'

Appearance of fracture surface of X7090 aluminum alloy at AKTH‘ Arrow
indicates direction of macroscopic crack growth. (a) R = 0.5,

(b) R = 0.8.

Overall representation of the effect of R ratio on AKTH. Solid lines
indicate a variation of K level obtained from the present study. Dash
lines indicate an expected variation of K level as a function of R.
(Assuming that a crack is fully closed at R = 0.)

Results of the near-threshold fatigue crack growth test for X7090
atuminum alloy. Note that the difference between the two thresholds
is only 0.2 MPa.u.

Results of crack opening load measurements for X7090 aluminum alloy.
Note that closure characteristics are strongly associated with the
Mode II and Mode I crack growth.

Fatigue crack growth rates of IN 9021 aluminum alloy tested at

R =0.05and R = 0.5.

Appearance of fracture surface in the near-threshold region of IN 9021
aluminum alloy tested at R = 0.05. Arrow indicates direction of
macroscopic crack growth. (a) 1x10°6 nm/cycle, (b) 'KTH‘
Comparison of fatigue crack growth behavior in the near-threshold

region for the aluminum alloys.
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Fig. 3 Fatique crack growth rates of X7090 aluminum alloy tested at R = 0.05
in 3.5 pct. NaCl solution.
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4 Eatigue crack growth rates of X7091 aluminum alloy tested at R = 0.05
in 3.5 pct. NaCl solution.
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Fig. 5 Fatigue crack growth rates of 7075 aluminum alloy tested at R = 0.05
in 3.5 pct. NaCl solution.
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Fig. 9 fFracture surface of X7091 tested at R = 0.05 in 3.5 pct. HaCl solution.
tlote that corrosion products developed on the fracture surface. Arrow
indicates direction of macroscopic crack growth.




*SAOLL® ||e 40 $3S3] DLULSPAUIGP -+« A|UO
wWoJ44 udye] a4am sjutod eeq  uUOLINIOS |JeN 12 Gf UL 0L 4 1P
pa1s31 SAo|je wnuiwn|e j0 S3dA3 334yl 404 S|IA3| AuNSO|D 40 uoSi-.edwon (| by

(WABdN) WUV
9 S Vi £ l l 0
T T T T | T
— —
a
T
v
v . ﬂ
o a
a v 4.\
o
(o]

- @

v A

D .

o v T w

0 g v ..JQ
o 693L1-160LX 01

v 91-060LX
o) 9L1-5L0L

xewwdoy

———— ————- =
e

il




el

L

o
o3 X7090 T6 (T-L) o
= in air o P
» o o
= QP o)
_ a ® 2
R=05¢  2°
107F o
GAE o & SR
- O E
- & o &
z | o .};
10 @ﬁ@
£ o R=08
= C A"°8 '"EP
- ~. »
> . S . mea K-Qeaeaging
% ]Q'GCL:- A} nos  K-increasing
- A
- °
s
- ® s
U
s »
-
]O"c a4 R | L 1 AR ] |
1 5 10 15 20
AK (MPa¥ym)
Fig. 11 Fatigue crack growth rates of X7090 aluminum alloy tested at three R

ratios.
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Fiq.

13

Fracture surface of X7090 aluminum alloy tested at R = 0.05
indicates direction of macroscopic crack growth. {a) 5x1G°

(b) Ky
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Frrow
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Fing.

14 Appearance of fracture surface of X70190 aluminum alloy at 'K N Arrow
indicates direction of macroscopic crack growth. (a) R = 0..5[),
(b) R = 0.8.
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Fig. 16 Results of the near-threshold fatigue crack growth test for X7090

aluminum alloy.
is only 0.2 MPav/m,

Note that the difference between the two thresholds




*yMoub 3Jedd [ 3pojj pue [ 3poy
3yl yiLm pajetdosse A(BUOUIS 4B SOLISLUIIDRARYD BUNSOLD IBY] 330N
“Aolle wnuiwnie 060/X 40} Sjudwaunseaw peo| burusdo yoeusd jo sy|nsay /| "6ty

(WodW) MV o
L 9 9 V] £ [4 !
L} 1l 1 ] ¥ 1 1 )
]
-0l ]
I = |
ﬂ (oo 1 38 »
550 stz over| ) wo 1 % _
qg-—-0 R 0 —‘ o lu % ‘
° ° . I '
° ° ®¢ ooe e
Joz |
° ] |
,_ ] ,
!
i
__
4
- - =T o

o |




: 1073 2
: | : .
é - o
i IN-9021 o° vvv
IO"' _ R=005 0e® ° o 5
o ® 0O v
- .:°°°;’
- OBO:SVW
. " ® o 7075
T . “; vovfy v v R=005
>1 -
< 0 C Q&Q 17‘37
£ - v
E T ¥
8 IN-9021 b v
- = [ ] .' w7
v
5 -6 '-. v"
g0 F .
f - ; v v s e K-decreasing
- . ¢ o K-increasing
B [ ]
10.7 3 v
-
F v
10-8 L {l | ‘ 1 1 1 b oo gl 1 ]
] 5 10 5 20

AK (MPavm)

Fig. 18 Fatique crack growth rates of IN 9021 aluminum alloy tested at
R =0.05and R = 0.5,




Fig.

19

Appearance of fracture surface in the near-threshold region of IN 9021
aluminum alloy tested at R = 0.05. errow indicates direction of

macroscopic crack growth. (a) 1x10™° mm/cycle, (b) MKy
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Fig. 20 Comparison of fatigue crack growth behavior in the near-threshold
region for the aluminum alloys.
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INSTITUTE OF MATERIALS SCIENCE

| The Institute of Materials Science (IMS) was establish-
! ed at The University of Connecticut in 1966 in order to pro- !
mote academic research programs in materials science. To
provide requisite research laboratories and equipment, the
State of Connecticut appropriated $5,000,000, which was
augmented by over $2,000,000 in federal grants. To operate
the Institute, the State Legislature appropriates over
$700,000 annually for faculty and staff salaries, supplies
and commodities, and supporting facilities such as an elec-
tronics shop, instrument shop, a reading room, etc. This
core funding has enabled IMS to attract over $2,500,000 an-
nually in direct grants from federal agencies and industrial
SpONSors.

IMS fosters interdisciplinary graduate programs in
Alloy Science, Biomaterials, Corrosion Science, Crystal
Science, Metallurgy, and Polymer Science. These programs
are directed toward training graduate students while ad-
vancing the frontiers of knowledge and meeting current
and, long-range needs of our state and our nation.







