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PREFACE

This report was prepared by the Materials Engineering Branch
(KFWAL/MLSE), Systems Support Division, Materials Laboratory, Air Furce
Wright Aeronautical Laboratories, Wright-~Patterson Air Force Base, Ohio,
under Project 2418, "“Aerospace Structural Materiais,” Task 241807,
“Systems Support," Work Unit 24180703, "Engineering and Design Data."

The work herein was performed between April 1982 and May 1985, The
report was released in June 1986.
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Sketch of bulkhead from which compact tension
test specimens were excised.

Test specimens: (a) Compact Tension (CT) and 9
(b) Tensile.

Overall view of the test stand used to generate 12
FCG data. A-Crack Gage Monitor, B-Amplitude

Controller, C-Environmental Cabinet, D-Servo-

hydraulic Controller.

Close-up view of a specimen in the sealed 13
environmental control cabinet. A-CT specimen

with crack gage leads coming off the backside

B-Dessicant, C-Temperature and relative humidity
detectors.

Composite plot of FCG 1ife data obtained from the 16
eight test specimens tested under the same load-
ing conditions.

Composite plot of FCGR data from all nine 17
specimens tested. Scatterbands represent limit

of data generated in an earlier study.17

Schematic of how subsets of crack growth intervals 19
were calculated. Group A coefficients of variation

were calculated from a; to a,.., Group B coefficients

of variation were calculated from a, to ai41-

See Table 1V for calculated FCG life statistics.
Group A FCG life composite plots. (a) a_ = 0.688 21

inches, (b) a_ = 0.749 inches, (c) a, = 8.841 inches,
(d) a = 1.028 inches.

Typical Microstructure. Specimen M2, Keller's etch. 26
100x.
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with FCG lives much if?erent from the average FCG
life had|M)-Mo| values exceeding 5.0 {L1, M2, S2).
The other spegimens, with lives nearest the average
FCG life, had|MA-MB|va1ues of less than 2.3.
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11. Crack path morphology at two differegt delta K 30
levels in spegimen L2: (a) 7 ksi-in®, transdendritic,
(b) 18 ksi-in®, interdendritic. Arrows indicate crack
prcpagation direction, Keller's etch. 100x.
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12, Typical shrinkage porosity encountered by crack path. 31
Specimen L2. Arrow indicates crack propogation
direction. Keller's etch. 200x,
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13. Examples of crack branching, {a) Specim:ns L2 (125x), 32
(b) Specimen S2 (200x). Arrow indicates crack prop-
agation direction, Keller's etch.
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14, Typical macroscopic view of a fracture face. Note 34
faceted appearance of region 1, and the transition
of region 1 to region 2, and the ductile appearance
of region 2. Arrow indicates crack propagation
direction. Approximately 3x.

>

15. Region 1 fracture features. HNote ductility, limited 34
sigyns of fatigue, and lack of fractured silicon
particles, 200x.

16. Localized region of fatigue striations on aluminum 35
matrix. Also, fractured and secondary cracked silicon
particle, 2200x.
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17. Region 2 fracture face characterized by fractured 35
.. silicon particles indicating interdendritic nature of

o fracture, 720x.
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) 18. Shrinkage porosity typical of that scattered 37

7~ throughout the material, 20Cx.
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SECTION 1
iNTRODUCT I OH

the varichility of cist aluminum wechanical properties Fas partiv
srovented designers frem using aluminum castings in fracture critical
structural applications. Recently.

o -

P

however, premium quality aluminun

casting technolegy has ratured 1o the point where variability nas

docreased cansiderably anc sound Cast parts can he reproducec witlh

cuardanteed tensile properties. Althouth Jow varisbility of Casting

tensile properties Fas been deronstrated, the variability of adamace

rolerant properties such as fatigue crack arowth rate (FCGR) or fracture

1

S

toughness has roi teen determinec.

[0

This repcrt details & progran conducted to evaldate the variability

¢F FCGR properties by focusing on fatigue crack growth (FCG) life of a
commonly used structural aluminum casting alluy (A357 in the Té
condition).
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‘ BACKGROUNRD 0y
22
\: _:' |
ynd Over the past several yedars, premium quelity aluminum casting ;f
' technolngy has attracted considerabie attention in the aerospace Struc-
tures community. Thic interest was stimulated primarily by the trecen- -
K . . . e
dous cost savings which castings offer as compared to :tructures com- e
: of - 1-4 . _
- nosed of mechanically fastened wrought products. While prerium o
4 aualtity casting technology develeped, the application of fracture N
,-
o mechanics in atrframre design alsu increased. Although premium quality K
o castings have respectable mechanical properties, they were, for the riost e
2{ pert, relegated te non-fracture criticel structures. This was due to a4 ;}Q
v . . . . .7
- variety of reasons such as unfavorable experiences with non-prenijum
e auality castings; substartial weight penalties (due tu heavier cross- ;é‘
o sections and conservative factors of safety); and inferior properties, -
‘s Many ut these rea<ons were well-founded, but it is believed that premium -
~ aqeality aluminum castings can be applied in fracture critical applice- 5
o rigns once several major issues are satisfactorily resolved.
3: One of these issues involves the variability of premium qualit:
4
cdasting properties especielly fatiqgue, fatigue crack arowth and fracture ;,
_:f tuginess.  Hith current premium quality casting technology, tensile :}:
¢ \. . - . v 3 -...n
~ praperties [ultimate ond yield strengths and percent elongations) can be e
‘\ . . . - n-‘
:P cuntrolled, reproduced, predicted dand guaranteed in designated arcas of e
P . . .
’ the castings with mirimal variability. Although this 1is true with %=
- . . . . . .
- tonss e propcrties, this has not been proven for fatigue, tatigue crack .
o ) _
! qrowth or tracture toughness,  'his stems fram the fact that (1) there o
- B
y was little need tor this data ("they were...relegated to non-fracture ::k
‘ certical <tructures”) ard therefore, (2) few oata were generated. With b
“n =,
f: this i mind, 4 proaran was designed to evaluate the variability of e
f . I . 3 - -. N
;: toticu2 crack arowth 1fe of premium quality aluminum castings. 2
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Sere earlier studies addressed the variability of FCG life and
FCGR. Shaw and Lemay Adetermined, using different tempers of AISI 414C,
that the coefficient of variation (standard deviation/mean) of FCGR at a
fixed range ot stress intensity factur (delta K) was approximately equel
to the variation of FCG 1ife.6

For wrought aiuminum, Berens et. al. demonstrated that the co-
etficient of variation for FCG life distributions of an aluminum 4alloy
(2024-T3) ranged from 7.0 to 8.7 percent.7 The experimental data used
were generated by Virkler et. al. in an earlier study which invoived
evaluating FCG and FCGR date from sixty-eight center cracked panels
tested under identical conditions.8 Berens also calculated coefficients
of variation for cther alloy systems: for a 10Ni-8Co-1Mo steel the
woofficient of variaticn of life was 6%, while for IN-718 the roef-
ticient of variation of life was 6.6% at 1000°F and 9% at 94O°F.3
Again, the emphasis was placed c¢n wrought products and not cast
products.

The mair purpose of this program is to compare the variability of
F(S Tife distributions for premium quality aluminum castings to that of
wrought aluminum alloys.,
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Image analysis was performed on the machined compact tension
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SECTION 111 =

EXPERIMENTAL PROCEDURES :i

A. Material Selection o

¥

Aluminum casting alloy A357 was selected in this study for several ‘

reasons. First, A357 is one of the most cummonly used cast alloys in \

aerospace applications due to its excellent castability and moderate ;’s',

mechanical properties. Second, although A357's static properties :E,

(ultimate, yield, and ductility) have been well documented, little has

been done to relate damage tolerant properties (FCG, FCGR, KIC’ etc.) to ?

microstructural features. Third, the material was readily available; 2

several fully characterized bulkhead sections from the CAST Progra\m10 i';'-:

were still in storage. fl\"

e

The material used in this program was excised from a bulkhead shown :"}

in Figure 1. Specimens were selected from regions with microstructures f-:

containing small, medium, and large dendrite arm spacing; hence, the ‘fr

test specimens were identified with the nomenclature S, M, L. :

N

The bulkhead was heat treated to the T6 condition as follows: (1) :‘.ii:j
solution heat treat at 1010°F for 24 hours, (2) H,0 quench at 160°F with "':1
a nine second auench delay, (3) natural age at room temperature for 24 ;::;;«
hours, and (4) artificially age at 325°F for eight hours. Z:'\-ﬂ
oY
A sample of the bulkhead was sectioned to confirm the chemical ::
cumpusition. The composition was within specification except for the A
;lightly high magresium content as shown in Table I. ‘
4]
specimens. fendrite Cell Size (DCS), silicon particle aspect ratio, Fﬁ
porusity measurements and ductility predictions were performed on each «";?
side of the specimensn. In addition, Dendrite Arm Spacing (DAS) NS
measurements were also madelz. (Table IT) EL:;
4 \

N S S SN ) P A S SR
o o, AP,
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Sketch of bulkhead from which compact tension test

specimens were excised.
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> B. Fatigue Test Specimen Configuration K
o
;:P The Compact Tension (CT) fatigue specimen configuration showr ii. 5&3
. Figure ?(a) was used in this study. Nine specimens were machined to the ?i?
- following dimensions: B = 0,120 + 0.002 in, and W = 2.000 + 0.001 in. )
:j fMnce measured on a toolmakers scope, a Fractomat foil crack gage was :fﬂ
:ﬁ mounted on one side of the specimen. E?‘
E:ﬁ The K solution for the compact tension specimen is as follows: 12
X

" K = (Px(2 + alpha))/(B x w* x (1 - a]pha)3/2)x

o '..'\'
(0.866 + 4.64 x alpha - 13.32 x alpha® + 14.72 x alpha® - o
'? 5.6 alphaA) :
i; .
- where K = stress intensity

1? P = load applied

;i alpha = a/¥W
ri B = specimen thickness

" W = specimen width

E 4 = crack length,

L.

- C. Fatigue Testing
%

:i fach of the nine specimens were subjected to the same luading
':f conditions. lLoaas were applied sinuscidally at 25 Hz using a 2.2 kip

MTS servohydraulic axial fatigue machine. Loads of Pmax = 225 1bf and

. L
> Pmn = 45 1bf (R ratio=0.?) were controlled within 0.5%. Test con- .
2 L ) . . .
‘:j ditions are listed in Table III. Crack length was constantiy monitured -
& with the foil gaces and were accurate to one mil, At 0.015 inch in- N
X tervals, the computer printed the crack length, cycles and approximated L
i& the crack growth rate and delta K values. Past experience has prover ji
- this system to be highly reljable, precise and fdst.l3-14 The best ::}
i -,
- teatures of the system are the elimination ot human error dand Lhe ::-’
3 -\'
A abiVity to run uninterrupted tests. .
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Figure 2. Test specimens: (a) Compact Tension (CT) and (b) Tensile.
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Figure 3 iilustrates the test system employed for generating the L
Yatigue crack growth data. Not shown in this photograph are the HP EEE
SE2LR Desk Top Computer and 64908 Multi Programmer vhich controlled the ;:j
test and acquired the crack iength and cycle count automatically. ;:ﬁ
A cluse up view of the specimen under fatigue loading is shown in ffa
- Fiqure 4, The sealed plastic chamber minimized temperature excursions E;E
f; and maintained relative humidity at less than 5%. Although thin speci- ;;;‘
men buckling was anticipated., it did not occur. This was attributed to _—
g the ¢rip design and alignment and the low loads applied. During pre- 35&
Ef cracking the ungaced side was mounitored. Once precracking was complet- iﬁ:
A wd, crack lengths were monitored by the foil gage on the opposite <ide. k;g
;. Data were taken at crack growth rates above 2x10"7 inch/cycle (Stages 11 541
3 arg T1I} ana covered three decades of crack growth, Time constraints Eﬁ%
tf prevented testing at rates below 2x10”’ inch/cycle {Stage I, the thresh- fﬁ;
e old region). Overall, precracking and testing were conducted in accor- ;ji:
' dance with ASTM scdndar‘ds.15 i%;'
s T
‘_ fluring the precracking of specimen M3, the specimen was accidently i&f
> uverloaded and the crack tip severely biunted at 0.670 inches. The Eﬁg
\ hiunting was so severe that it was not possible to include this specimen L
f with the others in the FCG iife analysis. So the load was increased E:?_
i tv. ¢row the creck through the overloeded region and to obtain FCGR ddta ;:5}
N which couid be compared with the other FCGR data. j:f

1

-
FK

¥ D. Tensile Testing A
' . oW
-~ '-. '.h
Ca ::-:.‘b
) Tensile tests using specimens mechined from broken CT specimens e
v g sp p
[} N
\ were conducted to verity the elungation predictions. Tests were con- o
KR . . 16 . o
o aucted on o 10 kip Inatron tensile test machine. The compact tension N
) ) . . SR
. snecimen  thickners (R) anc width (W) prevented the use of standerd s
- S
- tensile specimens <o the sub-size specimen shown in Figure 2(b) was :Hﬂ
. ':r y
g designed, 0y
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Figure 4,

Close up view of a specimen in the sealed environmental
control cabinet. A-CT specimen with crack gage leads
coming off the backside, B-Dessicant, C-Temperature and
relative humidity detectors.
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F. DPost fracture Evaluation

Selected halves of broken specimens were carefully secticred,
mounted, ground, pulished, and evched to reveal the microstructurc and
crack path morphology. By including the notch tip, it was pessible to
evaluate the crack path from the notch, through the fatigue zone, to the
overload region. The rnotch served as a landmark for calcuiating crack
length and for comparing the features to crack lencth, FCGR, and delta
K. Metellographic analysis was performed on a Zeiss metallograph.

Fracture faces were d4iso examined macroscopically and microscop-
1cally with licht and electron optics. Macroscopic Tight optics magni-
fications ranged from 1x to 70x. A Jeol 35CFX Scanning Electron Micro-

scope was used for higher magnifications of 70x tu 5000x.

tnitially, ti1s program was designed to vreveal vrelationships
between cast microstructural fedtures and fatigue crack growth lives.
When the material was selected, i1t was believed that a broad range of
microstructural features was obtainable. Unfortunately, after the image
andlysis data were generated, it was discovered that the range of
dendrite arm spacing, dendrite cell size, silicon particle aspect ratio,
and porosity displayed a smaller range than anticipated. The observed
variability in microstructure limited the possibility of drawing solid
conclusions at program completion. With this in mind, the progran was
redirected tc evaluate the variability of fatique crack growth iives
using the prepared specimens dand the data gererated on these specinmens.
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SECTION TV
RESULTS AND DATA ANALYSES
A. Crack Growth Data

The FCC data are compared in Figure 5 based on a common initial
crack length (ao) ¢” 0.688 inchkes. For some uf the specimens, the cycie
count at g Wes cbtained through interpolation. Figure 5 does not
include the overloadec specimen M3 because it was tested at higher ivads
tnan the other specimens. As shown in Figure 5, specimen S$2 had the
toncest life of the eight specinens, while specimens M2 and L1 had the
shurtest lives., There were five specimens which hac <imilar FCG Tives.

The FCOP data for cach of the nire specimens were also tabulated
and indivicdually plotted in the Appendix. Figurce 6 1s a compariscn plot
of the FCGR data from all specimens and the scatterband associated with
sata generated In an another study.17 Good aqgreement exist between the
results of indivigual specimens except for specimen S2. Specimen S2
exhibited a substantially different trend and a much slower crack growth
rati: than any of the other eight specimens tested in this progran as
well as the specimens tested previously.  This type of behavior s

extrenely unusual.

S5ince €2 had an unusual crack growth rdate, 1t was not included in
the following statistical enalysis for two pussible reasons. First, 1t
is believed that some picce of test instrumentciion may have been
bproperly calibrated for this test (it was the first test conducted),
thereby leading to erroneous data. Second, its microstructure could
have been signiticently different than the cther specimens. The data in
Table 11 andicates there was no signiticent difference. Therefore, it

was concluded that the test instrumentation was improperly calibrated.
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B. Statistical Analysis of FCG Data

Since only a limited amount of data was available for statisticai

| analysis, it was decided that only basic statistical calculations (mean,
standard deviation, and coefficient of varijation) would be made.

Figure 7 illustrates the intervals over which the coefficient of S
variation of FCG life was calculated. Fatigue life statistics were :_ﬁ
calculated from a, = 0.688 inches to ag = 1.302 inches at 0,092 inch f-*ﬁ
intervals. Two groups of statistics were calculated and tabulated in :;?J
Table IV. Group A statistics were described as a; to ac. For example, }Fiﬁ
the first interval ranged from 0.688 inches to 1.302 inches. The AN
F average number of cycles to grow from 0.688 inches to 1.302 inches was i:fj
§28,19C cycles, and the standard deviation was 149,030 cycles. The E;ﬁi
. coefficient of variation was 0.18 or 18%. The second interval ranged ;E;E
; trom 0.749 inches to 1,302 inches as shown in Figure 8(b). The average ékig
h iife was 595,270 cycles with a standard deviation of 95,920 cycles, and f*fq
: a coefficient of variation of 16%. Group B statistics were described as ;&:j
X a, to a,,,. For example, the first interval ranged from 0.688 to 0.749 :E;Sj
E inches, while the seccend interval ranged from 0.749 to 0.841 inches. E:E“E
| | i
Table IV 1ists the variability of FCG lives. The least coefficient Sy
! of variation of 9% occurred when the crack grew from 1.026 to 1.302 :j;i}
iT inches (Figure 8(d)). The most variability (57%) occurred when the E;fif
crack became unstable just before fracture. The high 57% varigbility is S
dlso attributed to the few number of cycles that the crack grew during %ﬁﬁﬂ
that interval. Then, by the very definition of coefficient of variation S

(standara deviation/mean), the coefficient of variation for this inter-
val was high.

If the S2 FCG life data were included in the statistical calcu-
tations, the coefficient of variation would be even greater. For

#xample, for the interval a, = 0.688 inches to ac = 1.302 inches the
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TABLFE TV: Tatigue Crack Crowth Life Statistics
Group A: P af
Mean Standard NDeviation
a, a. 1ife of T.ife c.0.V.
i i
2 2
{inches} (inches) (107 cycles) (107 cveles)
G.r8R 1.302 228,19 143.03 0.1R8
.74 1,307 505,27 ac ., 82 n.16
0841 1.307 307,63 69, R4 n,n3
n.933 1.302 131,22 2¢.70 0n.20
1.026 1.302 46.83 4,37 .09
1.118 1.302 12.75 3.42 0,76
Sd.21e 1.302 2.21 1.26 0,57
Group B: dy e A0y
Mean Standard Drviation
Ay ai+1 Life of Life c.0.V,
(inches) (inches) (IO'l cveles) (103 cvecles)
G.688 0.740 232.90 56.7°% 0.24
0.749 0.841 290.47 55.1¢ n. 19
N, P41 Nn.oan 172.32 45,00 Nn.26
(.933 1.026 4,38 27.6A1 0.78
1.026 1.11R 34,04 4,55 0.13
1.118 1.210 10,54 2.40 0,23
1.210 1.302 2.21 1.26 0.57
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. coetircient of variation without specimen S2 is 18% (See Table 1V), :
& while if S2 were included the coefficient of variation is 30.3%. RN
LS ".“'-"
Y ".':.
N ; . R . . T
: Table V lists FCG life statistics for various alloys. From this e
: rable it is obvious that cast A357-T6 has more variability in FCG life e
than the wrought materials shown. i:?
e
“ L
~ B
o Considerable variability was expected due to the coarse microstruc- B
ture dand casting discontinuities. When the cracks are small, the -
2 coarse, heterogenous microstructure results in various crack growth o
a iives - some short, some long. Similarly, the nonuniform microstructure Z;ﬁf
; atfects the variability of FCG life and FCGR behavior when the crack =i
(8 r
N, approaches the length of 1instability and finsl overload fracture. -
- Substantial property variability was also noticed in a study of casting s
- tracture touqhness.18 N
N
~ -_'.\:"
: i
i C. Tensile Data R
- _x:
* The measured tensile properties and predicted elongations were : ;5
A N
- corpiled in Table VI. The specimens were listed from shortest to RO
-I . . . _.w‘_ sJ
: longest FCG 1ife. The cata for specimen M3, the overloaded specimen, P
e
- veve included for completeness. T
: ]
. The average ultimate and yield strengths were very close to the ]
’ strengths expected of A357-T6. (f particular interest was the Tow ]
8] coefficient of variation of the strengths: 3.1% for ultimate and 2.8%
N for yield.
"
N
LY

Unlike the strength measurements, both the predicted and actual
aguctilities (percent elongations) varied considerably; for the predicted
5 eiongations, side A measured 35% coefficient of variation while side B
measured 46% coefficient of variation, and for the actual elonagations, a
A9% coefficent of variation was calculated.
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Material Average C.0.V, Range of C.0.V, Reference .
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A .
¢ A357~T6 0. 27 0.13 to N.57 This Stuly .
W Group B .
20624~T3 n.079 0.07 to 0.085 Pef 7
N 10 Ni-8Co-1Mo 0.06 0.06 Ref 9
. iN 71R @ 940°F 0.09 0.09 Ref @
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Since the tensile specimens were subsize and not located exoctly
where the image analysis was performed, some of the differences between
predicted and actual elongatiuns were anticipated. It is most disturb-
ing, however, that for the predictions made, which predicted value does
the quality assurance engineer believe? Which is most accurate, side A

c

or side B? For instance, in Specimen L1, is side A acceptabie at 5.8%

elongation or is side F acceptable at 8.5% elongation?

Although these guestions are posed, the tensile data as a whcle is
not necessarily precise; it serves to further characterize the material

tested under fatigue.
D. Microstructural Pesults

Upon solidification, the basic microstructure of A357 takes the
form shown in Figure 9. This microstructure consists cof a dendritic
aluminum matrix outlinec by silicon eutectic particles. Subsequent
sclutionizing, quenching, and artificial aging refine the microstructure
further and increase tensile strength, Solutionizing slightly homo-
genizes the microstructure and spheroidizes the silicon particles.
During aging, MgZSi precipitates form in the matrix; these are primarily
strengthening dgents while the eutectic silicon particles offer nro
strengthening. The silicon eutectic enables molten fluidity of the
alloy. The material alsc contains inclusiuns and gas shrinkage poroSi-
ty. Since the basic microstructure has been studied extensively, the
emphasis of this etfort was placed on correlating the micrustructural
teatures ancd discontinuities to FCG Vife and FCGR behavior.

ihe micvostructural data in Table Il were compared to the F(G life
dita. Unfourtundtely, no conclustive correlations could be drawn aue to
the rarrow ranae of microstructural veriability. While analyzing the
date, it was noticea that specimens M2, L1 and S2 possesced the greatest
cide-to-side differences in the metallurgical parvameter M. In other
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words for specimen M2, the difference between side A and side b measure-
ments was 5.1 while specimen S3 ueasurements ditfered by 2.2. The FCH
itite and metallurgical parameter M data illustrating thic observation
are tabulated ir Table VII and shown graphically in Fiqure 10. Test
specimens S1, S3, M1, L2, and L3, which clustered aruund the averaye FCG
11fe, had the lowest values of[MA-MB[. Specimens $Z, L1, and M2 had the
highest values oflMA-MBl and were either much shorter than the average
FCG life (approximately one half) or much longer than the average FCG
Tife (approximately twice). By assuming that the life data from speci-
men S2 is valid. the metallurgical parameter M is shown to provide a
direct measure of variability with respect to average fatigue crack
growth life. By deleting the S? fatigue life, the correlation with !
hecomes much less pronounced.

Crack path morphclogies were also studied in great detail. Analy-
515 showea thet in the Paris Law region (Stage 11 the crack propagatec
primarily transdendritically, while in the overload region (Stage [I1)
the c¢rack propagated interdendritically (Figure 11). The transition
point {(delta Kt is the tra:sition stage III of the FCGR plot; was
)

approximately 12.4 ksi (in which was in good agreement witk data

. 1%
generated earlier.

A effort was made to correlate discontinuities, such as porosity
and crack branching, to the acceleration or deceleration of the crack
tip (Figures 12-13). This was accomplished hy measuring the crack
Tength to 4 aiven ¢ncrally (porosity or crack branching) and then
referring bac tu the calculated crack yrowth rate data. Typically,
i CGR ircreased when the ¢rack hit shrinkage porosity and decreased when
the crack branched. Altnough this was generally true, a more precise
rsieans of measuring the effects of microstructure, discontinuitics and
hranching shculd Le empluyed. Perhaps the test method would be to make
~rack length megsurements at shorter intervais, such as C.005 1nch
increments instead ot G.015 1nch increments,
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TABLE, VI1: Data Pclating the Absolute Difference of M, and M to the ':.
Absolute Difference of FCG Life and the Average F}?C Life b
.
-‘..
A
+ — e
S\ ) - WT_N! -
Specimen 'M{\ MT! N R N| g
Sl
Sl 0.5 926.30 9. 4R N
92 6.6 1537.98 621.07 el
::{-'.
S3 2.2 R66.6 50. 31 e d
! 0.4 864,51 52,4 "
b
M2 5.1 577.82 339.09 RS
e
M3 — — _— ICSRY
,_1.:_‘..
) rd.'.\'(
L1 5.7 660.63 256,78 Y
»
1.2 0.6 045,09 281K n.
L3 1.1 956.26 30,135

l N=916.0]

s SRR REN
.
.

*Not included in this analysis due to different loading conditiors,

+
Common crack Jength iuterval a = C.AOR inch te Ae = 1.302 inch.
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Figure 11. Crack path morphology at tyo different delta K levels 1n " .
specimen L2: (a) 7 ksi-in", transdendritic, (b) 18 ksi-in”, ¥
interdendritic. Arrows 1ndicate crack propagation direction,
Keller's etch, 100x,
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Figure 13. Examples of crack branching. (a) Specimen L2 (125x) (b)
Specimen S2 (200x). Arrow indicates crack propagation
direction, Keller's etch.
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Plastic zone sizes were calculated with the hope of correlating the

slastic zone size to a microstructural feature. This was done to
determine if a micrustructural feature was responsible for the reversals
of FCGR at delta K of approximately 7.6 ksi in and the transition point
from Stage I1I to Stage IIl of the FCGR plot. The cyclic plastic zoune
size was calculated using ry = (1/2 )x(delta K/2x yield strength)z. The
plastic zore sizes at the reversal and the transition points were 0.0012
and 0.0032 inches, respectively. The plastic zone size of the reversal
point (0.0012 in) was about the same as the average dendrite arm spacing
(0.0014 1in).

E. Fractographic Results

On a macroscopic level, the CT fracture faces were characterized by
two regions. At low magnifications, the first region was coarsely
faceted, while the second region was ductile and very irregular (Figure
i2). Between the two regions, a short transition zone existed. For the
most part, the fracture surfaces were very irregular, and by no means
flat.

Since the fracture surfaces were so rough, it was decided that
scanning electron microscopy would be more amenable for analyzing the
surfaces than trying to produce replicas for transmission electron
microscopy. Intensive SEM analyses were performed on specimens S2, M2
and L2, while cursory analyses were performed on the remaining
specimens,

The first region cppeared very ductile as evidenced by the dimpling

¢ the surface (Figure 15). This was expected due to the transdendritic

nature of the fracture revealed by the metallographic analysis. Occa-
sionally, fatique striations were found on the surface, but they were

found locally (Fiqure 16).20
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Figure 15. Region 1 fracture features, Note ductility, limited
signs of fatigue, and lack of fractured silicon particles.

200x,
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Figure 16. Localized region of fatigue striations on aluminum
matrix. Also, fractured and secondary cracked silicon
particle. 2200x
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Figure 17. Region 2 fracture face characterized by fractured silicon
particles indicating interdendritic nature of fracture.
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The transiticr between the two regions was mixed with chavac-

" teristics of Rewion 1 and Pegion 2, with no definitive transition point. Y,

3: Mogion D, gs shown in Fioure 17, consisted of fractured and subcracked :“f-

N silicon narticles in a ductile wmatrix. This, too, was expected. E:‘,:
barlier work on fracture toughness specimens showed the same effect as

the Peginn 2 fracture mor[.'hology.18 E:};

Other features observed included porosity, subcracking, and crack '-:Zj:

branching.,  Figure 13 typifies the porosity scattered throughout the

“rack specimen. e
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Shrinkage porosity typical of that scattered throughout the
material,
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SECTION V
CONCLUSTONS

The varidability of FCG life for premium quality casting alloy
A357-T6 is higher than the variability of FCG life for a typical aero-
space wrought alloy Z024-T3 as measured by the coefficient of variatiorn
0f crack growth lives.

Ne conclusions can be drawn from this study concerning the corre-
lation of measured microstructural features dnd FCG life and FCGR rates
of A357-Té.
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SECTION VI
RECOMMENDATIONS
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It is believed that the eutectic silicon particles play a major
role 1in both the fatigue and fracture of aluminum-silicon-magnesium
casting alloys. Silicon particle parameters of size, shape, dis-

tribution and spacirg, either together or independently, probably affect

the fatigue and fracture properties the most as compared with the other ;iﬁf
microstructural features. A carefully corntrolled test program could be —
devised to evaluate damage tolerant properties by varying these &;E
parameters. ':".:::: ‘
Another progrdam would involve evaluating the effects ot casting Ef;
microstructures and discontinuties on threshold crack growth rates. R
To date, threshold values have not been published for premiun quality 3;;
castings, nor have the effects of microstructure and discontinuities on f%i'
threshold values. Of pdarticular interest would be the effects of T
porosity on crack growth at lower delta K values. One question that Eéi
remains unanswered is: Would porosity serve to blunt or accelerate ;:&:
crack growth? E;E;
Lo

Ir a related, but different effort, th: evolving technology of ;:?
thermal analysis ot molten aluminum could be applied towards predicting Eﬁii
the fatigue and fruacture properties of castings. Thermal analysis :itﬁt
basically involves generating a cooling curve of the molten metal before :;_
the casting is poured. This cooling curve shows the amount of grain and ﬂiﬂ;
silicon particle refinement the metal is capable of achieving. Although i;;i
this technologv is just evolving, and only tensile properties are &;E‘
predicted, 1t 1is beiieved that thermal arnalysis techniques can be bﬁiv
applied to molter retdal poured into fracture criticel structures. Ezé:,
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What follows is a compilation of the raw FCG data acquired elec-

Ly

tronically and the FCGR data celculated using the 7-point polynomial

5f

method,  This legend explains the abbreviations used.

X

Prax is the maximum lued applied in pounds force.

Pran is the mininum load applied in pounds force,

v S

P is the raetio of Pmin/Pmax=0.200,

"
g
W _ ) . _
2 % is the specinen thickness (See Figure 2a).
w
' 35 the speciren width (See Figure 2a).
A . . . . . .
“~ Crack correction is the correction in factor used for the CT speci-
i~
Pn nen.
W
Ct 4 is the sequential numb2ring systen.
Y
»
;@ CYCLE COUNT is the number of cycies in thousands.
\I
V\: i . .,
. A-cor is the actual crack length read by the datd acquisition <ystei
>
{(Crack correction=0.000 inch).
L e
S0} . , . .
- h-reg 15 the crack length resulting from the seven point polynomia 13
'f analysis.
MU 1s a nieasure of closencss of fit between A-cor ana A-rey
- aelta K is the the calculated range of K value: at '
7 olservation {units = ksi Vin). If pertect fit MC = 1.0,
b
da/dN IS the caleulated crack growth cdate at that deita K (unii.
> mricey - din/oycle).,
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SPECIMEN NO. §) 1_.-
Pmay = 22% LBF keir » 4% Lbt F a 0,200 ;;.
; b+0.322 3h. ' w+3.000 ir. Crect Correcticr «<0.000 In. \:%
:i .-.'-\.
b
5 '.‘.
»
¢ P1 cvee A-cer A<rcq telted de/er v
‘e . COUNT in ir we Keluot winacy S
O SO PPN U PRI p RS oLy
o 0%
- } 6.001 0.672 o
v : 52.770 0.688 \'_2.
- 3 107..940 0.70? B
¢ 167..600 0.7)8 0.717 0.999188 6.82 0.242) )
5 239.320 0.734 0.733 0.997408 6.97 0.2283
N 6 319.770 0.749 0.750 0.997638 7.10 0.2333,
N b} V90.740 0.76% 0.766 0.9970A2 7.:5 0.2676
s R 442.400 0.7R0 0.7R0 0.994476 7.40 0.3284
e 9 495.940 0.795 0.798 0.995413 7.54 0.4223
b 10 $30.900 0.6811 0.813 0.994686 7.7 0.4630
| 11 553,160 0.826 0.824 0.990631 7.86 0.4616
~ 12 $79.830 0.841 0.839 0.998106 8.02 0.4921
13 612.090 0.857 0.857 0.998782 8.: 0.4564
14 654.030 0.872 0.872 6.999112 8.37 0.4069
.y 15 692.330 6.887 0.886 0.996813 8.54 0.3948 L
16 740.430 0.903 0.904 0.994311 8.74 0.4363 .
. 17 779.260 0.918 0.921 0.99699) 8.93 0.5)85 e
18 803.770 0.933 0.933 0.998358 9.12 0.5653 .
19 827.010 0.949 0.947 0.997959 9.3 0.6072
20 851.510 0.964 0.96¢ 0.9995R1 9.%4 0.6565
- 21 875,090 0.979 0.979 0.995283 9.76 0.7252
22 099.090 0.995 0.996 0.996754 10.00 0.8415
i 2 918.3%0 1.010 1.002 0.994488 10.23 1.0626
X 24 929,540 1.026 1.02¢ 0.985615 10.49 1.3721?
R 25 944.610 1.04) 1.047 0.985954 10.75 1.9799
M 2¢ 950.840 1.056 1.059 0.990699 11.01 2.4702
< 27 954.940 1.072 1.068 0.996045 11.31 2.890%
. 20 96C.A30 1.087 1.088 0.992015 11.60 3.6440
~ 29 965.500 1.102 1.105 0.986003 11.90 4.8235)
" 30 968.870 1.118 1.121 0.995410 12.27 6. 2586
3 $706.800 1.13) 1,13 0.996629 12. %6 7.0638
32 972,320 1.148 1.145 0.994910 12.91 8.1133
- 3 $74.640 1.164 1.166 0.976814 13.30 10.6716 <
.. 34 976.420 1.179 1.86 0.971892 13.68 16. 2019 -
s 977.2R0 1.194 1.20) 0.96809Y 14.08 24.8702 et
& 3¢ 977.6€50 3.210 1.209 0.989062 14.%3 34.455¢ e
17 978,240 }.22% 1.2 0.986384 14.97 49.5239] DAY
. 18 $78.360 1.240 1.2 0.985514 15.44 , 56.6989 S
39 978.7%0 1.256 1,260 0.9884623 15.97 81.2064 oy
A 4" 97A.870 1.271 1.269 0.965674 16.49 100.7436 S
L 4 $79.060 1.287 1.289 0.996057 17.¢8 128.8119 by
> 42 979.160 1.202 1.302 0.995693 13.€7 14C. 6520
. 4) 979, 240 1.318 1.334 0.9R9681 18,133 165.0695
S a“ 979,350 1.3 1.334 0.957895 18.99 240.1842
& . 979 .450 1.349
. 46 979 480 1.366
v 47 979.520 1.395
"

*-Aata vioclater epacirer £lze reovirererte

Paris expcrert 7.218

Joa cf intercect -12.979

Farie coefficiernt 1.049°10° -13.000
A3ST7-Te, f1
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8 Mav INUS

SKPFCIMEN NC. 52

rres = 225 LUP Prin * 4% LHF F = 0,200

be0.122 in. wWel 999 in. Creck Cerrection =0.000 »n.

] 6.00) 0,683
2 106.590 0.69¢

3 21R 890 0.713

‘ 330,920 6.729 0.73} 6.999197 6.93 0.162y

& ‘03.050 G.744 0.742 0.999307 7.06 6.1720

[ 496.0%0 a.7%9 0.759 0.998700 7.:0 0.1905

? $80.%570 6.77% 0.775 0.995839 7.3% 0.2214

[} 653.880 0.790 0.79) 6.996147 7.50 0.2720

9 709.520 0.en% 0.807 0.99€991 7.65 0.3037

10 751.990 0.821 0.82) 0.994773 7.81 0.3143

1) 787..2R0 0.836 0.834 6.99736R 7.97 0.326)

12 839,640 0.851 0.85) 0.998752 8.14 0.3237 .

13 891,450 0.867 0.867 0.958804 8.32 0.306% K
14 945.420 0.082 0.882 0.999288 8.49 6.3074
15 996. 600 0.898 0.898 0.999134 8.68 0.3240 R
)6 1046.550 0.912 0.914 0.999018 8.87 0.3334 Y
17 1083.740 6.928 0.927 0.997923 9.06 £8.3579 L
18 1127.710 0.944 0.943 0.997028 9.28 0.3944 A
19 1175.390 0.9%9 0.962 0.99689) 9.48 0.427) Taa.
20 1201.070 0.974 0.974 0.994716 3.70 0.4200 s
21 1232.140 0.990 0.988 0.995304 9.43 0.4380 CT
22 126R.F40 1.00% 1.004 0.994245 10.17 0.4661

23 1310,550 1.020 1.023 6.996255 10.41 0.4967
24 1339.780 1.036 1.037 0.998818 10. 47 0.5509

2% 1262.510 1.C%] 1.04% 0.998061 10.94 0.6316 o
26 138R.S$50 1.066 1.067 6.998060 11.21 0.7085% e
27 14)1.560 1.0R2 1.064 0.995006 11,51 0.8407 Y-
26 1425.040 1.097 1.09% 0.99€247 11.81 6.9203 i
29 1445.860 1.112 1.216 0.994005 12.12 1.0025
30 1454.R4D 1.128 1.126 0.994432 12.47 1.0142 -

31 1469.130 1.143 1.140 0.992R50 12.81 1.0284
32 1487.230 1.159 1.16C 0.993064 13.19 1.0868

33 150,440 1.174 1.176 G.9984R9 13.57 1.1334

3¢ 1514.530 1.189 1.188 0.99905] 13.96 1.2437
35 1526.430 1.205 1.204 0.998816 14.41 1.4027

36 1538.670 1.220 1.222 0.996127 14.84 1.6738

27 1546.910 1.23% 1.23% 0.997273 15.3) 1.9740
38 15%5.600 3.2%) 1.253 6.999193 15.83 ' 2.3604

39 1560.590 3.266 1.265% 0.999153 16.34 2.5873
46 1566.070 1.281 1,240 0.998584 16.88 2.9318
4] 1571.740 1.297 1.299 0.994713 12.50 2.9099
42 1576.460 1.312 1.313 0.994975 18.11 2.8218
43 1579.800 1.327 1.322 0.989)88 318.75 2.9007
44 1%AR.110 1.343
45 1594,130 1.258
46 1596.470 1.373

*-cCata viclates trecimer gize reouiremerts

Preir expenert 2.927

Jea cf frtercert -%.210

Poric coefficrert 6.161710° -10.00C

AdXS)-16, £2
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SPECIMFN NG, 6) ;
L.
. Prax = 225 LBF Prin =« 4S LBF P = 0.200 'z
L] '- &,
;- 8+0.121 tn. %e2.000 in. Creck Ocrrection =G.000 in. :I::I
v, MY
. oA
. A
'3
v
- PT CYCL} A-cce A=irq doltr¥ dascn e
i [] COLN1 in in MC KSle n win/cy “o e
t ........ eemmemceememememmmemm—————— ceecmeaeemm———- eeeeecceccccamecaceememmmave,—— _.:
Y -
' ) 0.001 0.657 A
< 69,390 0,672 K
3 132,730 0, 6RR N
. 189:360 6.702 0.702 0.999¢R? 6.75 0.2563 ¢
) 253.020 0.718 0.720 0.9903)3 6.88 0.2540 <
A [ 309.900 0.724 0.734 0.9984696 7.02 0.2480 o4,
- 7 360 .840 0.749 0.747 0.998¢88 7.16 0.242) ot
< 8 438,690 0.764 0.768 0.995565 7..30 0.241) Tl
. 9 509.860 G.780 0.780 6.992210 2.46 0.2696 e
10 5$74.880 0.795 0.798 0.993932 7.6) 0.3468 IR
)| 616.710 0.810 0.812 0.997391 2.76 0.4265 ORI
12 648.160 0.826 0.82% 0.999021 3.93 0.4896 -\3‘_-
13 674.660 0.841 0.840 0.999444 8.09 0.5460 B
14 703.180 0.856 0.857 0.998102 8.75 0.5604 k
1% 729.630 0.872 0.873 0.997947 8.44 0.5486 e
16 750.960 0.887 0.885 0.99844) 8.61 0.5315
17 784.740 0.902 0.902 0.996395 8.80 0.%5018 RS
J8 820.290 0.918 0.917 0.992612 9,00 0.4960 ,<.‘}-.
19 858.R90 0.933 0.93% 0.991263 9.19 0.6001 ]
20 885.5/0 0.949 0.951 0.993480 9.4) 0.7869 RN
21 901,590 0.964 0.96% 0.9992237 9.¢€2 0.9614¢ N
22 916.190 a.979 0.978 0.998960 9.84 1.1204 2R
23 930.060 0.995 0.99¢ 0.998659 10.08 1.3116 .
24 942.860 1.010 1.012 0.996551 10.32 1.5211 NN
2% 950.960 1.025 1.024 0.997839 10.56 1.7661 AT,
26 960.290 1.041 1.041 0.998536 10.84 2.0718 N
27 967.920 1.056 1.058 0.998178 11.10 2.7790 NN
28 973.58C 3.07) 1.069 0.99819¢ 11.38 2.4457 NN,
29 979.270 1.087 1.086 0.996451 11.69 2.8160 NN
30 985.490 1.102 1.104 0.990343 12.00 3.4975 L
31 989.860 1.117 1.119 0.990276 12.3) 4.6646 e
32 993.440 3.1 1.137 0.981778 12.67 6.9356 ¥
13 995.390 1.148 1.152 0.969544 13.02 10.4198 ANy
34 997..23¢0 1.164 1.17% 0.958341 13.41 12.9221 )
3 9972.720 3.179 1,183 0.962454 13.79 29.484) B Oy
k] 996.190 1.194 1.197 0.990912 14.50 . 41.7170 Sy
37 998.520 1,210 1.213 0.995777 14.65 60.6414¢ RAE)
38 998.710 2.225 1.224 0.994918 15.10 73.7271 Lo
k1 998 .880 1.240 1.238 0.983036 15.57 92.8410 I
4 999.130 1.256 1.264 0.965629 16.)0 146.3030 At
4) 999,210 1.271 1.276 0.972921 16.63 223.3797
N 4°? 999.270 1.287 oy
. 4) 999.210 1.302 -
N 44 999.350 1317 e
\ .n"-
> el
.-‘.
~ *-dats Vviclater rpecirer tizc reouvitrerertsr v ':-
» Farir exccrert 7.3 [
lea ¢f rtercent -13.081 DN X
Ferir ccefficiert 8.105¢10° -14.000 A
"o
A3S7 - £ PR
16, £3 Y,
F
B
i
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N
e
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o, o May 1945 "
SPRIZEN NG, vl & - 1
. L
: Fmax s 225 LBF krin = 45 Lot P e 0.200 :_.,,v'
; B0.12] fn.* ®we2.000 in.  Cract Cotrecticr =0.000 in, e
L4 v
,~n e
- 1
": PT CYCL} A-cot Asreq deltrk dasan ™
" ' COUN1 in in mMC K€)lysn winsey .
_'4 """""""""""""""""""""""""""""""""""""""""""""" .'
> 1 0.001 0.671 )
- 2 52.820 0.6R7 g
k] 112.180 0.702
4 175..36p 0.717 0.717 0.999748 6.87 G.240y | —{‘—_-
", 5 240,400 0.732 0.732 0.999660 7.02 0.2259 \I"'
>y ® 3172.420 0.748 0,748 0.999570 7.15 0.2130 'L-“
e, 7 387..5R0 0.763 0.761 0.99935]) 7.:9 0.20R7 AN
. L} 470.340 a.779 0.779 0.997995 7.45 0.2196 vl;'...‘
", 9 541.890 0.794 0.794 0.99429] 1.60 0.2569 Ht.'.a
o, 10 608.410 0.809 0.811 0.995%5683 7.75 0.3223 S
o 1 655.280 0.825 0.827 0.998093 3.92 0.4041} * '-4
12 685.770 0.840 0.839 0.998979 8.08 0.4850 Lo
1] 718.910 0.855 0.856 0.998883 8.24 0.5825 CO
14 745.710 0.871 0.872 0.998885 8.43 0.6864 S
" 15 764.560 0.886 0.885 0.999567 8.60 0.7895 RS
=", 16 785.600 0.%02 0.903 0.9995088 8.80 0.9401] e
-, 17 801.160 0.917 0.918 0.998447 8.99 1.1090 By
18 014.310 0.932 0.932 0.999606 9.)8 1.2601 :.
- 19 826.450 0.948 0.949 0.993959 9.40 1.2576 f
e 20 835.270 0.961 0.962 0.996347 9.61 1.3027 ¥
21 045.700 0.978 0.97% 0.9952234 9.83 1.3335%
27 862.510 a.994 0.996 0.992280 10.07 1.4422
B 22 872.700 1.009 1.0 0.992667 10.30 1.773
A 4 881.500 1.074 1.026 0.997888 10.55 2.1132 e
e 25 088.300 ».040 1.04) 0.997919 10.82 2.4226 ‘-{."'
- 26 892.700 1.05% 1.082 0.997693 11.09 2.5707 S
- 27 899. 590 1.070 1.07) 0.994855 11.36 2.9828 et
8 904.470 1.086 1.085 0.993497 11.¢7 3.4555 ey
e 29 909.870 3.101 1.108 0.996029 11.97 3.9519 ‘{ '1'
: 30 912.300 1.116 1.114 0.992106 12.29 4.5034 s !
k)| 915.600 1.132 1.13% 0.98785%9 12, 64 $.5187 v .
£ 32 919.550 1.147 1.154 0.968923 12.99 8.2357 NN
~ Kk 921.040 1.163 1.168 0.950028 13.38 12.8307 PR
XN 4 922.400 2.178 1.186 0.976202 13.717 18.3788 Iy
o 35 922.830 )}.193 1.194 0.96B658 14.17 13%.3192 e
N 36 $23.110 3.209 1.200 0.968514 14.62 19.3379 _,"','
CxN 37 924.310 2.224 1.226 0.943872 15.07 ' 23.7784 o
"o 38 925.350 3.239 1.25%0 0.928974 15.54 39.3231 ,'-,'
- 39 925.650 1.25% 1,267 0.903834 16.07 63.6396 e
40 925.750 1.270 1.280 0.768914 16.59 179.4446 i
4] 925.900 1.285%
. 4?2 925.940 1.20)
A Q 925.970 1.368
‘; *-data violetes speciren tjize recujirerentes
Paris expcnert 6.609
ou ] log ©f intercent ~12.356
3
o Parir coefticient 4.408°10° -~13.000
)
5 A357-T6, M
\i
\J Al . A b .
b Copy sy =t ~te s o . ot :"*
permit tully legible 1eproduchor e
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14 764.760 0.889 0.887 0.995758 11.4) 2.15¢64
)5 770.0%0 0.90% 0.306 0.999050 11.67 . 2808
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13¢.270 0.723
J165.700 0.739
201,200 0.754
240.690 0.770
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526,960 0.877
548.540 0.892
$67.020 0.908
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F1 cyYCcL) A-ccr A-rcqg celray cfa,ar - _'-

COUNT i) n MC KEIx 1 vInscy W
------------------------------------------------------------------------------------- o

. -
b 1 6.001 0.671 :": )

: 2 62.890 0.686 RO,
¥ 3 1130.900 0.701 2,

4 1972..310 0.717 0.715 0.997674 6.87 0.2077
S 295.200 a.732 0.734 0.99687) 7.01 0.2077

LY [ 364,700 a.74? 0.747 0.996669 7.14 0.2268
" 7 43%.,5%0 0.762 0.763 0.999385 7.9 0.2636'

o 8 “494.560 0.778 0.780 0.995224 7.44 0.2692
‘-. 9 540.920 0.794 0.79) 0.9954R2 7.60 0.2850

w 10 583.980 0.809 0.806 0.994924 7.7 0.3050

11 655,150 0.824 0.827 0.992771 7.90 0.3430

Y 32 694 .930 0.840C 0.840 0.9966)6 8.0R 0.3048

] N 732.150 0.855 0.85% 0.9983135 8.24 0.4267

| 14 762,350 0.870 0.870 0.999¢692 R.4] 0.4566

15 796.970 0.886 0.886 0.996751 8.60 0.4922
16 827.390 0.901 0.900 0.994687 ’.78 0.56C1
37 859.5%90 0.916 0.919 0.996333 8.97 0.6653
18 881.720 0.932 0.93¢ 0.996736 9.18 0.7309
19 895.920 0.947 0.944 0.996564 9.38 0.8003
20 915.310 0.962 0.961 0.994146 9.59 0.9342
21 936. 360 0.978 0.98) 0.994416 9.83 }.1086
22 948,250 0.991 0.994 0.997986 10.0S 1.2980
23 957%..420 }.008 1.006 0.998281 10.29 1.5081
AN 24 96%.6]0 3.024 1.026 0.998222 10.5% 1.7922
_-'. 25 972.270 1.039 1,040 0.998139¢ 10.80 1.9467
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O 37 1017..790 3.723 1.229 0.976911 15.04 69.9567
2N 3 1017..980 1.239 1.242 G.98573¢ 15.54 98.4429
L " 39 1018.150 1.25% 1.259 0.994410 16.07 © 126.85%6

40 1018.200 1.270 1.265 0.990770 16.%9 142.236)
q) 1018.340 1.286 1.288 0.948474 17.18 217.2128
& 42 1018.440 }. 201
b 43 1018.480 3.2316
bl 4¢  1018.510 3.345
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4
a3 Fwax * 225 LBF
' B=0.120 in. W=1.991 .in
‘; »
s v
»
-
O Pl cyees
\{ * COLNT
t’ ] 0.001
.’ ‘ 61.0%0
- 3 133.45%50
] 196.020
N S 273,470
-~ 6 327,350
" ? 403,850
S 8 459.040
> 9 S0R.400
- J0 $42..270
) n £92.980
) 12 653.130
- 13 702.930
\ )4 748.870
“ 15 782.960
AN 16 824.790
S 17 856,330
) )R 890. 690
) 19 918.930
3 2v 940.130
21 954.440
~ 22 968.720
N FE 986, 300
N 24 999,020
o 2%  1001.%00
. 26 100nB.720
. 27 1014.450
. 28 1021.640
. 29 1026.930
b 3 102,700
3 1035.4R0
] 32 1027.370
2 33 1039.960
A0 34 1041.470
x 35  1043.400
' 36 1045.020
. 37 1046.010
. 3R 10472..120
39 1047.340
4G 1047..520
2 41 1na2.710
N 42 1n47.820
Y. 43 104R.060
Ny 44 1048.140
W] 5 1048.190
N 4 1048.210
M|
'

L

45 LBF p = 0.200

Crack Correction #0.000 in.

0.712
0.729
0.74)
0.759
0.775
0.790
0.802
0.818
0.83¢6
0.82]
0.866
0.880
0.897
0.911
0.928
0.944
0.96¢C
0.972
0,987
J. 007
1.027
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). 048
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1.082
1.097
1.112
1.130
1.141
1.159
1.172
1.189
1.206
1.221
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