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FORENORD

This summary report was prepared by the Applied Manufacturing
Research and Process Development Department of Convair, San Diego - A
Division of General Dynamies Corporation, under contract AF33(616)-6622.
This contract was initiated under Project No. 7360, "The Chemistry and
Physics of Materials," Task No. 73606, "Non~destructive Methods,f and wag
administered by the Metals and Ceramics Leboratory Materials Central,
Directorate of Advanced Systems Technology, Wright Air Development Division,
Wright-Patterson Air Force Base, Ohio, with Mr. Richard R. Rowand acting
as Project Englneer.

This report covers the period of work from June 1959 to July 1960.
The text was written by L. J. Mattek and R. D. Woodward.

The Pacific Alloy Corporation, El Cajon, Californis, Mr. R. I. Kernland,
Metallurgist, contributed to this project by producing cast steel slabs

containing intentlionally introduced imperfections.
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ABSTRACT

The relatlonships between tensile properties of 410 stainléss-steel
castings and imperfections, as determined by radiography, have been
investigated. The purpose was to establish confidence in a system of
evaluating castings by radiographic inspection. Tensile properties
investigated were: Tenslle yield, tensile ultimate, elongation and modulus
of elastlcity; imperfections were: Gas holes, inclusions and porosity;
thicknesses were: 0.1", 0.2", 0.3" and 0.6". Test specimens were heat
treated to a 180,000 to 200,000 psi.

Statistical analysls of test results 1s presented.

Relationships between tensile properties and size or intensity of

imperfections are represented in tables and graphs.
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CORRELATION OF TENSILE PROPERTIES
OF STEEL CASTINGS AND MATERIAL
IMPERFECTICNS AS DETERMINED

BY RADIOGRAPHY

1. INTRODUCTION
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CORRELATION OF TENSILE PROPERTIES OF STEEL CASTINGS AND MATERIAT
IMPERFECTIONS AS DETERMINED BY RADIOGRAPHY

1. INTRODUCTION

1.1  Background:

The current Mil Spec, MIL-C-6021 D - Castings, Classification
and Inspection of (for Aeronauticzl Applications), specifies that redio-
graphic acceptance standards for structural steel castings shall be in
accordance with ASTM Standard E7I-52. Thils standard is inadequate because
it had not been correlated to strength or other properties, and generally
applles to castings of relatively large cross section.

1.2 Objective and Purpose:

The objective of this project is to study the correlation
Detween material imperfections in steel castings, as determined by
radlography, and the tensile properties of the castings. Stated another
way, the various types of imperfections, in varying intensities or sizes
will be studied in relation to the load-carrying capacity of the castings.
The degree cf correlation will be determined for Type-410 stainlesg-steel
castings in thicknesses of 0.1", 0.2", 0.3" and 0.6", at room temperature.

The purpose is to establish a measure of confidence in a system
of evaluating castings by radiographic inspection. The measure of confi=-
dence, if satisfactory, may make desirable a change which would establish
radiographic standards as the criteria of steel castings for aircraft
structural uses.

Manuscript released by the authors 31 October 1960 for publication as
a WADD Technical Report.
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2. PROCEDURE:

2.1 General Plan:

‘

The general plan which was followed to determine the relation-
ship or degree of correlation between tensile properties and material
imperfections in steel castings, was:

(1) cast steel, in this project Type-410 stainless steel, having an
analysis corresponding to AMS 5351B Specification, was cast in shell molds.

(2) Material imperfections were intentionally introduced during the
casting operation. These imperfections were: gas holes, inclusions and
porosity.

(3) Cast slabs, containing intentionally introduced imperfections, were
radiographed; the radiographs were reviewed and test-coupon areas selected.

(4) After locating suitable areass for removal of test coupons from the
cast slabs, test coupons were removed and processed.

(5) Test coupons usually were machined only on the edges, leaving the
flat surfaces in the condition as received from the foundry.

(6) After machining, the coupons were deburred and hest treated to be
within the range, 180,000-200,00C psi, uitimate tensile strength.

(7) Heat treatment was followed by descaling in a light sandblast.
(8) Coupons were Magnafluxed and examined.
(9) A radiographic analysis was made, folliowed by physical testing.

The degree of correlation was determined for tensile yield,
tensile ultimate, percent elongation in two inches, and modulus of
elasticity, as they were respectively related -to material imperfections:
gas holes, inclusion and porosity, which are tolerable to a degree in
aeronautlical castings. Gas-hole and inclusion imperfections were classified
in one-millimeter-size increments. Porosity imperfections were divided
into 10 intensities, described as intensity numbers; number 10 being
regarded ag the poorest possible attainable, Coupons were selected for
all types of imperfections, in all sizes or intensities, to the extent:
that they were available. All tensile tests were conducted at room
temperature. The individual test results, from which the correlations
were determined by statistical analysis, are included as Appendix A,
this report.

2.2 Equipment:

Equipment used for this project is listed in Appendix B, this
report.
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2.3 Foundry Production:

2.3.1 Mold Sizes and Type -

The Pacific Alloy Corporation, El Cajon, California,
produced cast slabs, 12" x 16" in 0.1", 0.2", and 0.3" thicknesses, and
16" x 24" cast slabs in 0.6" thickness. Shell-type molds were used with
a high-grade zircon sand and Linoil or Bakelite resin as binders.

2.3.2 Intentional Introduction of Imperfections -

Inclusions were introduced in the castings by adding
prepared metallurgical slag to the melt during casting. The slag was
prepared by grinding, and sifting to desired sizes. @Gas holes were
promoted by adding a few drops of binding compound to the drag of the
mold just prior to casting. Gases released by the undried binder, pro-
moted the formation of gas holes. It was impossible to accurately
regulate the size of the gas holes. Attempts to produce larger gas holes
usually resulted in clusters of small gas holes. Porosity was introduced
by casting with fewer risers than are required for sound castings. One
side of the long dimension of each slab was fed over its entire length
from the pouring well, in order to ensure that an adequate supply of hot
metal was constantly available. This resulted in the feed side of the

- castings usually being sound, while porosity increased as the distance
from this side increased. The feed side of each casting was marked.

2.3.3 Casting Problems -

Difficulties were encountered in casting full-size
0.1"-thick slabs. Due to the relatively large size of the cast slab, in
relation to its thickness, the metal usually chilled before it filled the
mold cavity. This difficulty was aggravated further by the introduction
of imperfections. The surface of the castings was also affected adversely
by the introduction of imperfections. The inclusions had a tendency to
rise to the top surface of the castings. The liberation of gas, to intro-
duce gas-hole imperfections, disturbed the solidification action so that
poor surfaces resulted. Inadequate risers also promoted poor surfaces
because of the inadequate supply of hot metal during solidification.

In order to aid in the introduction of the imperfections
and obtaln a full-size casting, 1t was usually necessary to superheat the
melt. When the superheated melt contacted the mold binding material,
carbonization usually occurred, which, in turn, resulted in carburization
of the cast surface. Figure 1 shows massive carbides, near the cast sur-
face, a result of carburization. The hardness of the heat-treated castings
at the surface was in some cases, as much as 15 points, Rockwell c,
harder than the interior of the castings.

Considering the carburized surfaces, other poor surface
conditions, and the difficulty experienced in obtaining full-size castings

WADD TR 60-450 8



Figure 1 Photomicrograph Showing Carbon Pickup at
As-Cast Surface, (Magnification 100X)
Electrolytic Etch in 10% Oxalic Acid.
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2.3.5 Casting Problems - (continued)

in 0.1" thicknesses, permission was requested from WADD to cast each

slab 0.040" oversize in thickness. This request was granted. The

excess thickness was later removed by grinding 0.020" from each flat
surface. Grinding removed most of the carburized metal snd rough surface.
It also made it Possible to obtain a greater percentage of full-gsize
0.1"-thick castings. Due to the removal of surface metal, the test

results became more representative of all methods of molding steel castings,
rather than being reprasentative of the shell-mold brocess only.

2.3.4 Fourdry Processing of Castings -

After the castings were stripped from the shell mold,
they were given an Immediste 3-hour process annesal st 1350F. The risers
and gates were then removed by an asbrasive wheel. After cleaning, the
castings were normalized at 18507 to remove the effects of the abrasive
cutting action. This was followed by anncalling at 1300F to soften the
casting for subsequent removal of the test coupon. The hardness of the
castings at this stage was 12 to 23, Rockwell (C; the thicker castings
usually were somewhat harder. The normalizing treatment also reduced
warpage, somewhat. After annealling, the castings were ground to remove
approximately 0.020" from each flat surface. After grinding, the
castings were given a light sandblast to remove residual stresses induced
by the grinding operation. The castings were then radiographed by the
foundry, and if satisfactory, were shipped to Convalr, San Diego. The
0.1"-thick castings were too thin to hold securely for Blanchard grinding,
instead, they were sandblasted to remove the scale and were radiographed
without being ground.

2.4 Selection of Tensile Coupons:

2.4.1  categorizing the Tmperfections -

Beficre tensile test coupens could be selected from the
radiographs of the casting slabs, it was necessary to set up categories
for each type of imperfection. Thesge categories had to be applicabie to
the present ASTM Standard E71-52 Radiograph References for Steel Castings.
They also had to be flexible encugh to te applied to other references
which may be more restrictive. The categories dividing each type of
material imperfection were, therefore, selected as follows: Gas-hole
and inclusion-type imperfections were classified by measuring the maximum
visible dimension of the Tlaw, as seen in the radiograph. The flaws were
then divided into l-millimeter-size differentials,

Size Maximuam
Category Dimension
1 Up to 1 mm.
ol Over 1 mm., up to 2 mm.
3 Over 2 mm., up to 3 mm.
4 Over 3 mm., up to 4 mm.
2, 6, T, ete. Inereasing 1 mm. for each successive size.

WADD TR 60-450 10



2.1 Categerizing the Imperfections -~ (continued)

Porosity imperfections were categorized by dividing the full spectrum of
rorosity intensities into 1¢ numbers. The most intense porosity (No. 10)
was considered to be the most intense porosity that could be attained.

Porosity, as referred to in this project, is the
internal-shrinkage type of porosity. As the project proceeded, a few
examples of gas-type porosity became available. To the extent that these
specimens were available, an analysis of the effect of this type of poros-
ity was made. It is discussed in a separate section of this report,
paragraph 6.1.5 - Gas Porosity.

2.4.2 Reference Blocks -

Before the final gradings were made for each test
coupon, it was necessary to set up reference blocks containing the size
or intensity of imperfection representative of each category. The reference
blocks selected were approximately 2" x 2", agreeing with reference blocks
now being considered by ASTM Committee E-7, Non-destructive Testing. Fig-
ure 2 is & dlagram representing an X-ray film of reference blocks. In the
diagram, the function of each area of the film is described. Figures 3
thru 8 are prints of radiographs of reference blocks, selected for the
0.2"- and 0.6"-thick material. Reference blocks are kept on file and are
avallable for use whenever additional sets of reference radiographs are
reguired. The 0.2"-thick reference blocks were used to grade the 0.1",
0.2" and 0.3"-thick test coupons. The 0.6"-thick reference blocks were
used to grade the 0.6"-thick coupons.

Test coupons for 0.1", 0.2" and 0.3"-thick material
were Type F-2, Federal Test Methods (FIM) Standard 151, Method 211,
(1/2" x 2" gage area). See "A" in Figure 9. Test coupons for 0.6"-thick
material were a special size (1" x 4" gage area). Dimensions of the
0.6"-thick coupons are shown in Figure 10. They differ from the Type F-1
test coupons of FIM Standard 151, Method 211 in that a 4" gage length re-
placed the 8" gage length, and the test width was the minimum allowable,
one inch. ("B" in Figure 9). The shorter gage length and minimum width
were selected in order to obtain sufficient numbers of coupons from slabs
available.

2.4.3 Selecting Tensile-Coupon Areas in Cast Slabs -

Flaw areas in castings were selected by viewing the
radiographs on a film viewer. After the flaw was selected, a transparent
(Plexiglas) template was so placed on the casting that the flaw was located
within the gage area. The simulated coupon was then oriented to obtain the
greatest possible yileld of coupons per casting. The test area was outlined
with a f11lm pencll as shown in Figure 11.

When all possible test coupons had been located, the
radiograph film was placed over the casting. Two corners of the film were

WADD TR 60-450 11
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FIIM SIZE - 8" x 10"

1. Title Block: WADD Report No., Thickness, Casting
Material, and Tmperfection
2. Control Blocks: Penetrameters, ss Indicates Stainless Steel,

Numbers indicate Penetrameter Thickness
when preceded by a decimel. In some cases
two penetrameters were used, one having less
thickness and one more than test gpecimen.
5. Reference Blocks: Imperfectlion i1s shown with size or intensity
number below it. Zero indicates no defect.

Figure 2 - Description of Radiographic References for Imperfections
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Reference Radiographs for Gas-Hole Imperfections.

Section Thickness - 0, 2"

WADD TR 60-450
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Figure 4 Reference Radiographs for Inclusion Imperfections.
Section Thickness - 0,2"
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Figure 5 Reference Radiographs for Porosity Imperfections.
Section Thickness - 0. 2"
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Figure 6 Reference Radiographs for Gas~Hole Imperfections.

Section Thickness = 0. 6"
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Flgure 7 Reterence Radiographs for Inclus

Section Thickness - 0. 6"

WADD TR 60-450
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Figure 8 Reference Radiographs for Porosity Imperfections.

Section Thickness - 0. 6"
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FIGURE § 'SIMULATED TENSILE TEST COUPONS MADE FROM PLEXIGLAS
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FIGURE 10. "SPECIAL'" TEST SPECIMEN FOR 0. 6"-THICK MATERIAL
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FIGURE 11. LOCATING TENSILE TEST COUPONS ON X-RAY FILM
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2.4.3 Selecting Tensile-Coupon Areas in Cast Slabs - {continued)

first trimmed to the outline of the casting; this made it possible to
correctly align the film over the casting. See Figures 12 and 135. The
cast slabs shown in the illustrations were 12" x 16"; these were repre-
sentative of the 0.1", 0.2" and 0.3"-thick castings. One 14" x 17" ¥-ray
film was adequate for each. The 0.6"-thick castings were 16" x 24";

this necessitated two 14" x 17" films per casting.

After the films were properly located on the castings,
& center punch and hamner were used to mark the corners of each test coupon
a5 shown in Figure 13%; the punch marks were made through the film The
punch marks on the castings were then connected by white lines, as shown
in Pigure 14; the identity of each coupon was marked and later steel-
stamped in the grip area of each coupon. It can be noted from Figures 12
and 14, that a considerable difference occurs in coupon yield from one
casting slab to another.

2.5 Coupon Processing

2.5.1 Removing Test Blanks from the Casting Slabs -

Early in the project, the O 1", 0 2" and 0.3" test-
coupon blanks were removed from the castings by bandsawing. The 0.6"-thick
coupons were removed by torch cutting. Toreh cutting necessitated coupon
blanks a little larger than finally required to allow for removal of the
wall of the kerf. This surplus also prevented the hardening effect of the
toreh cut affecting the test area. The hardening effect penetrated up
to 3/16" from the torch cut. Coupons had to be annealed at 1300F for
2 hours in order to soften the hardened area for subsequent milling
operations.

As the project continued, betier methods of removing
coupons were developed. A substantial time savings was realized by
removing the 0.1" and 0.2"-thick test blanks by shearing and the 0.3" and
0.6" test-coupon blanks by high-speed sawing. No detrimental warping
resulted from the shearing action and no shear cracks were found. The
friction sawing was much faster than bandsawing and more efficient than
torch cutting.

2.5.2 Preparing Coupons for Testing -

The test-coupon blanks were machined only on the edges.
The flat surfaces remained as received from the foundry, except for the
0.1"-thick materlial which was not ground by the foundry. Approximately
0.020" was removed from sach flat surface of the 0.1"-thick test coupaons
by surface grinding. After the test-coupon blanks were milled to tensile
coupons, they were deburred, heat treated, sandblasted, Magnafluxed,
checked for hardness, and radiographed, in that order, before tensile
testing. The heat treatment consisted of an austenitize treatment at
1¢:¢5¥ (1 hour, minimum, for material up to 0.3" thick, 1.5 hours, minimum,
for the 0.6"-thick material), oil guenched and tempered at 525F, for
# hours, minimum. The heat-treat atmosphere during austenitizing was
slightly oxidizing producing an oxide scale up to 0.0003" in depth.

WADD TR 60-450 22
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FIGURE 12. PLACING X-RAY FILM, AFTER MARKING LOCATION OF TENSILE
TEST COUPONS, ON CORRESPONDING CAST SLAB
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FIGURE 13. MARKING CASTING BY CENTER PUNCHING THE CORNERS OF
EACH TENSILE TEST COUPON THROUGH THE X-RAY FILM

WADD TR 60-450
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FIGURE 14, CAST SLAB SHOWING OUTLINES OF TENSILE TEST COUPONS

WADD TR 60-450

25



2.5.3 Coupon Testing -

The test coupons were tested at a strain rate of 0.005"
ber-inch per-minute. The stress-strain curve was recorded. The tensile
yield, tensile ultimate, percent elongation in 2", and the modulus of
elasticity were obtained. Tenslle yield was taken at the 0.2% offset
point. The modulus was obtained from the normel stress-strain curve.

Conslderable difficulty ocecurred gripping the 0.6"-thick
test coupons, during tensile testing. The grip areas were relatively small,
in relation to the large loed that had to be transmitted to these large
coupons. See "B" in Figure 9. A new test fixture was designed in an
effort to solve the gripping problem. Since mEny coupens were machined
and heat treated, the new design was made to apply to the coupons already
prepared. Figures 15 and 16 show two views of this fixture with a coupon
in the test position. It was recognized during the designing period that
a blaxial (moment) stress, might be introduced at the bearing areas of
the bushing. These areas transmitted the load from the test machine to
the coupon and are ghown in Flgure 15. This possibility made it necessary
to remachine each coupon at the radius area to insure that the center
point of the radius of each side of the test coupon was on a line normsl
to the applied load. To further ensure against blaxial, or torque, stresses,
relatively soft bushings were inserted over the bearing bolts which were
made to bear directly on the coupons. See "B" in Flgure 16. It was
intended that the soft bushings would improve the alignment of the coupon
by allowing some yileld at the bearing surface. In addition, the bushings
would proteet the bearing areas from excessive abraesion.

Tests conducted on five coupons indicsted that this
fixture did introduce biaxial stresses; two coupons fractured in the
radius and two others fractured within half an inch of the radius.
Tensile-ultimate-strength results lower than expected gave further
indications that biexiel stresses were a factor. Other undesirable
features of the new test fixture were the excessive time involved in
loading and unloading, and the additional machining time involved in
aligning the radii of the coupons. Thls design for a test fixture was
rejected and the fixture was not used.

The 0.6"-thick test coupons were finally tested at
another Convair facility having a relatively new test machine equipped
with new jaw grips. Tuis proved to be adequate for the task. The grip
ends of the test coupons, machined later in the program, were increased
in length by 1.5", to improve the grip. Since many test coupons fractured
before the yleld point was obtained, several extenscmeters were broken
during tests. The extensometer failures occurred when the coupons frac-
tured with the extensometer in Place. The extensometex breskdowns were
especially heavy on the 0.6"-thick test coupons because of the extensive
shock generated when fracturing occurred.
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FIGURE 15. FRONT VIEW OF TEST FIXTURE
WITH ONE TENSION PLATE SWUNG ASIDE
TO SHOW TEST COUPON IN PLACE.
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FIGURE 16. OBLIQUE VIEW OF TEST FIXTURE.
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3. DATA RELATING TO THE CASTINGS USED FOR THIS PROJECT

3.1 Foundry Data

Table I lists heats poured at the foundry, castings from
which were used for this project Information includes: heat number,
number of slabs supplied, thickness, foundry enalysis of each heat, and
the tensile-test properties, as determined by the foundry The tensile
tests were conducted on test bars, cast separately with each heat.
These test bars were machined to the 0.505"-round test area, according
to FIM Standard 151, Method 211, Type R1 Test Specimen. Some heats,
from number 27 on, contained approximately 1% cobalt. Cobalt tends to
lmprove the yield strength and reduce the sensitivity of the steel to
notch effects.

3.2 Chemical-Analysis Checks

The equivalent of one heat out of each six supplied by the
foundry was chemically analyzed at Convair. Table 2 lists the foundry
analyses and check analyses for seven heats. Check analyses agreed
closely with those determined by the foundry in all cases except two.
The chromium for heat 3652 was analyzed as 11.40% by Convair and 12.344
by the foundry. Convair's analysis was rechecked and verified. The
carbon analysis of heat 4012 was found to be 0.19% by Convair, versus
0.15%, reported by the foundry. This analysis was also substantisted
by additional checks, as noted in Table 3 which shows carbon analyses
of six different slabs from the heat in question.

3.3 Carbon and Chromium Fadeout Checks

Carbon and chromium analyseq'were made on a minimum of five
slabs from each of three heats. These analyses were made to determine
if carbon or chromium had a tendency to fadeout, as the heat approsached
the last slabs cast. The results are tabulated in Table 5. Although a
very slight fadeout of chromium is noted on the last slabs cagt, the
degree of fadeout was insignificant.

1Bhat, G. B. - "k13T Co - A New Steel for Rocket-Motor Cases" - Metals
Progress, Vol. 77, No. 6, June 1960, pp. 75 - 79.
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TABLE 3

CARBON AND CHROMIUM FADEQUT CHECKS

EEAT 3743 HEAT 3776
FOUNDRY FOUNDRY
SLAB NO. C Cr SLAB KO. C Cr
35 0.13 12.82 58 0.15 12.57
37 0.12 | 12.82 61 0.15 12.52
39 0.12 12.8 65 0.1+ 12.62
L1 0.12 12.62 68 0.11 12.70
b2 0.1+ 12.70 70 0.12  12.33
HEAT LO12

FOUNDRY

SLAB NO. c Cr

240 0.19 13.67

ekl 0.19 13.72

2Lk 0.18 13.80

249 0.19 13.48

251 0.18 13.80

252 0.18 13.48
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k. STATISTICAL ANALYSIS OF TEST DATA - AN INTRODUCTION

The statistical analysis of the data was planned to answer questions
relating to:

k.1 Number of Test Specimens:

Due to technical difficulties, the number of test. specimens
previously estimated to be required for statistical adequacy was not always
available. These estimates were: 15 for control specimens (having no
defects) and 30 for specimens having intentionally introduced flsws.
Statistical adequacy may be defined as a high probability that the average
of & sample will be within plus or minus &n allowed error of the true
average. It was originally Intended to test "how good" were our estimates
of the number of samples required. In 1lieu of this, it now seems more
importent to test the adequacy of the number of samples actually tested.
Thus, the first question the statistical snalysis will answer is:

(1) Was the number of specimens tested statigtically adequate? This
1s computed from the following equation:

n=<%82 .................... . (1)

The t is from the t, or "Students" distribu.tion,2 and since a probability
(confidence level} of 0.95 wags desired, the tabulated value of the deviate
is 2.

E (the allowable error) was established at 5% of the mean for temsile
yleld, tenslle ultimate and modulus of elasticity; it was established at
15% for elongation.

8, (the sample standard deviation), and an estimate of the population

standard deviation, was computed from the test data, using the following
equations:

8 = \/ZYQ (zx)?

N-1 NE=-1)

= \]Z_N‘ - (§)®  (for large semples, 30 and over) - - = - - - (3)

1Simon, L. E. - An Engineer's Manual of Statistlcal Methods. New York:
John Wiley and Sons, Inc., 194k, p. 103.

(for small samples, less than 30) - = - (2)

ar>
I

2Duncan, A. J. - Quality Control and Industrial Statisties. Chicago
(Homewood) Illinois: Richard D. Irwin, Ine., 1952, p. 11k.
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Y is a tensile-property test value.

Y is the average of the tensile-property test values.

N is the number of specimens actually tested.

The following example shows the computations necessarj to determine n,
equation (1). Data is taken from an actual test, Appendix A. paragraph A39.2.

The test was for elongation, the Y values are in % in 2", and the defect
classification is 2-mm-size gas holes.

4 r X
3.0 2.5 1.5 ¥ = 40.0
3.5 k.o 2.0
4.5 2.0 2.0 212 = 116.0
2.5 2.0 3.0 _
2.5 2.5 2.5 Y = 2.66 N =15
Using equetion (2), we have:
I 2
~ 116 (40) 3
= - = 0.81
ENGD T BGD C°
Computing E as 0.15 x 2.66, we have: E = 0.4
Using equation (1}, we have: n = 2 x 0.81 = 16, the number of test
ng eq » _ : 0.k F

specimens required for statistical adequacy. It is to be understood that
this holds only for this set of data. Another set of data may give a
different result.

Comparing this result, 16, with the number of specimens actually tested,

15, we see that we have not quite achleved the statistical adequacy desired,
i.e., we cannot quite depend on the computed average being within 15% of
the true mean 95% of the time.

4.2 Upper and Lower Limits of Variability:

Making use of 3, the estimate of the population standard devi-
ation, the analysis will next investigate the extent to which the popula-
tion (from which the test specimens are a sample) may be expected to vary.
This will answer the following question:

(2) If this experiment (project) were repeated indefinitely, what
upper and lower tensile-property values would the test results,
for a particular flaw size or intensity, be expected to assume?

This will be tested at the two-standard-deviation level as follows:
Y £ 26 = upper and lower limits of expected varlability for (.95 probability.
These values wlll be plotted, answering the question:
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(3) Is it possible that a casting, classified as having a flaw
of a certaln size or Intensity, may have a tensile property
in the range of a casting, classified as having a flaw of
the same type, having a different intensity? (See Figure 17)

An example, using data from paragraph 4.1, where ¥ = 2.66 and o = 0.81,
is computed as follows: 2.66 = 2(0.81) = 1.04 and 4.28, from which one
can say: the % of elongation in 2" of an individual casting may be
expected to vary from 1.04 to 4.28, 95% of the time. Overlap is demon-
gstrated by meking a corresponding computation using data from three-mm-
gas-hole test specimens, Appendix A, paragraph A39.5, with values of

Y =2.9, 5 =0.52. Fromjrhis, 2.9 + 2(0.52) = 1.86 and 3.9h4.

4.3 Correlation:

Simple linear correlation, the relationship between flaw size
or intensity (X) and average values of a tensile property (Y), will also
be examined. This relationship is expressed by the linear correlation
coefficient, r. The linear correlation coefficient, r, is computed
according to the following equation, in which N now has a value equal to
the number of palred values (X, ¥'s) belng correlated.

NX(XY) -Aggggg(ﬁ?) B (%)

T\/;xa - (zx)g] [sze - (z?)e]

The determination of r will answer the gquestion:

Ir =

(4) How good is the relationship? Could such a relstionship have
occurred by chance alone?

An example, using data from Appendix A, parsgraphs A39.0 through A39.5,
and equation (4):

Values of X Values of Y
(size of Gas Holes) (Average Tensile Property)
in mm in % in 2"
0 (no defects) 2.9
2 2.7
3 2.9
4 2.7 -
7.4 (Avg. of 5 & larger) 1.9 Y = 2.6
N, the number of pairs (X, Y's) being correlsted = 5.
- =2
IX = 16.4 S¥ = 15.1 (2X)° = 269.0 (1) = 171.6
ZXY = 39.0 IX° = 83.8 zYQ = 35.0
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~20 LIMITS (0. 95 PROBABILITY)

Y FOR CONTROL SAMPLES

2a

Y FOR NO. 1 FLAW INTENSITY

)
b
'
oo
&
& Y FOR NO. 2 FLAW
E INTENSITY
=
-
0
Z,
=]
e
Y FOR NO. 3 FLAW INTENSITY ——
@.’E&E&l’;’

Y FOR NO, 4 FLAW INTENSITY ———¢

i ] 1 [ A
0 1 2 3 4

FLAW INTENSITY (X)

Figure17, Theoretical Effects, Including Possible Ranges of Variation,
of Increasing Flaw Intensities on a Tensile Property of
Steel Castings.
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2(39) - (16.4) (13.1) -0.92, the minus sign

\/[5(83-8) - 269.0] [5(35.0) - 17.2] igiigzzzzhi;.inverse

r =

This result, r = -0.92, indicates a very significant correlation
for these particular average tensile-property values and their related flaw
slzes. Statistically, such a result could occur by chance alone, only
1 time in 100.

L.4Y  Line of Regression:

In order to illustrate simple linear correlation, & line of
regression is drawn between two points. These points are established on
a graph in such a way that a "best fit" between the line of regression
and the plotted values, representing average test results, is attained.
To establish the line of regression, the following linear equation is used:

Y, = a+ X (Yc represents the computed Y value, not a test result) (5)

_ SXIY ~ X(XY)

> > (the Y-axis intercept) - = - = = = - - - - - (6)
X~ - (ZX)

b = NZ(Xg) - Eng (the slope of the regression line) - - - - - - (7)
NEXT - {ZX)

After computing a and b, values are assigned to X, in the linear equation,
and two values of ¥, are computed and plotted. The line of regression is
drawn between these two points. (See Figure 18.) Computations using test
results will not be made as they follow so closely the procedure for deter-
mining r, above. N, in these equations, continues to be the number of

pairs (X, Y's) being correlated.

4.5 The "Standard Error of Estimate":

As with all things, there will be varisbility, or "scatter,"” of
the averages of the test results about the line of regression. In order to
make predictions of tensile properties from imperfections, as established
by radiography, it will be necessary to determine the limits of this scatter.
These limits are measured by the "standard error of estimate." The so-
called "error'" is computed as follows:

-— =2
5 - Jio2° ) 2E T (8)

Y N-2 ~ "~~~ °"~°-°-°"-"7°TE2mssss
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SIMULATED LINE OF REGRESSION

TENSILE PROPERTY (¥}

o i 2 3 4
FLAW INTENSITY {X)

FIGURE 18. THEORETICAL REGRESSION LINE OF Y ON X,
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This result will be multiplied by 2 (for C.$5 probability) and the results
plotted as dotted lines parallel to the line of regression. This will
illustrate the extent to which the averages of the tensile-property test
results may be expected to vary 95% of the time. (See Figure 19.) The
following example uses dete from paragraph 4.3 and equation (8).

Values of Y
(Average Tensile Property) o _ =5
in % in 2" Y - Y (Y - 1)
2.9 0.3 0.09
2.7 0.1 0.01
2.9 _ 0.3 0.09
2.7 Y 2.6 0.1 0.01
1.9 -0.7 0.4g
N=5, N-2=73 r = -0.92, - 0.85 (Y - ?)2 = 0.69
SY = 1 - 0.85 x 9'36—9 = 0.19
c

Multiplying this result by 2, we have 0.38, and dotted limit
lines can be drawn parallel to the line of regression, above and below
it, 0.38 units. 1In this case the units are in % elongation in 2".

4.6  Procedure for Making Predictions:

Figure 19 can be used to make simulated predictions of the
average tensile property of a number of castings which have been examined
by radiography and have been found to have imperfections as determined by
radiography: Draw a vertical line from the flaw intensity, as determined
by radiography (intensity 1 in Figure 19). This line will intersect both
the upper and lower dotted 1imit lines bounding the "errors-of-the-
estimate” at points a and b, Figure 19. From these intersecting points,
draw two horizontal lines to intersect the tensile-property scale at
points A and B, Figure 19. The predicted tensile property will have a
value between the intersecting points, A and B, Figure 19.

By following the above procedure, one can answer the final
question;

(5) Within vhat limits can the average tensile property of a group
of castings be estimated from & radiographically established
Tflaw intensity?

4.7 Summary of Results, Graphical Presentation and Test Data

For each tensile property, each type of imperfection, and each
size or intensity of imperfection the test results are presented on a summery
sheet. Following each summary sheet, the data is presented graphically. The
first graph depicts the anticipated range of values at 0.95 brobability, and
the second depicts the degree of relationship, or correlation. The test

data from which the summaries ‘and graphs were prepared is included as
Appendix A.
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A

R oy_ = STANDARD ERROR OF
< . ESTIMATE. LIMIT LINES ARE
N . .~ PLACED AT 2 oy_ABOVE AND
> \ " BELOW REGRESSON LINE

o N N

o

o

o

[1N]

=

7 20y

—

FLAW INTENSITY AS
DETERMINED BY RADIOGRAPHY

0 ! 2 3 4
FLAW INTENSITY (X)

FIGURE 19, THEORETICAL REGRESSION OF Y ON X WITH CONTROL LIMITS PLACED AT TWO
"'STANDARD ERRORS OF ESTIMATE" ON EITHER SIDE OF THE REGRESSION LINE.
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CORRELATION OF TENSILE PROPERTIES
OF STEEL CASTINGS AND MATERTAL
IMPERFECTTONS AS DETERMINED

BY RADIOGRAPHY

5. SUMMARIES OF TEST RESULTS
AND

GRAPHICAL DISPLAYS
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TENSILE YIELD - IN KSI

280

, Material:
260 410 Stainless Steel
Castings 0, 1'" Thick
240 : T I |
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE.
220
200
180
Alé?
160 . 160 160 ‘162
157 Tlsv -
140?‘5 ,“6 1 17 tn o141 ¥
+134 *134 -y 133 +133 +132
120 120
ond
100
80
60 "
40
e Average Values
i i i
20 <. Pjus or Minus 2 6 & LARGER, AVERAGING 8.5
Standard Deviations l [ N
0 1 2 3 4 5 6 7 8 8.5 9 10

SIZE OF GAS HOLES - IN MILLIMETERS

Figure 20, Tensile Yield vs Gas Holeg - Range of Values
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TENSILE YIELD - IN KSI

280

Material: '
260 410 Stainless Steel
Castings 0, "' Thick
240 1 T 1
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE,
220 :
200
180 '
AVERAGE OF THE AVERAGE VALUES,
\’——NOT A REGRESSION LINE
160
. 146 b_lﬂ\ & 147 141
140‘-‘14_5 J -.....LJ_A'I:'
*y
.".
....
120 : Te,
.. .‘
Segina*
100
80
60
40
& Average Values
20 = _
6 éizi_-:’-;,?:.’;GER, AVERAGING 8.5
| i | — 171"
0 1 2 3 4 5 6 7 8 8.5 9 10

SIZE OF GAS HOLES - IN MILLIMETERS

Figure 21, Tensile Yield vs Gas Holes - Correlation
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TENSILE ULTIMATE - IN KSI
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260

240
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180
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20

SIZE OF GAS HOLES - IN MILLIMETERS

Figure 23. Tensile Ultimate vs Gas Holes - Correlation
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Materiai:

410 Stainless Steel

Castings 0, 1" Thick

I I
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ELONGA 'ION - PERCENT IN 2 INCHES

14

Material:
13 410 Stainless Steel
. Castings 0, 1" Thick
.3
12
e Average Values
1 l.Jm
: - Plus or Minus 2
Standard Deviations
10 | ! |
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE,
9
o 8.5
8
&7.5
7 p7.0*
6
5
i 45
‘4.1
4&'3.9 397
- 3.6
33
3 $29F
¢2.4* ¢2.3% 23"
2 v9
1.3 L2 W3
1 v 6 & LARGER, AVERAGING 8. 5;
"—r]"-
0 0.3
- i
0 1 2 3 4 5 6 7 8 8.5 9 10

SIZE OF GAS HOLES - IN MILLIMETERS

Figurc 24, Elongation vs Gas Holes - Range of Values
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ELONGATION - PERCENT IN 2 INCHES
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Castings 0. 1" Thick
12
11
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE.

10

9

8

Y
Co. ., *
e
6
...

5 -

4k 1:3‘3* S

3 L e o

e *
"Q%“.....f‘f-..u cosssepessosdeseeit
9 , S
® Average Values
1 6 & LARGER, AVERAGING 8.5
|l
0 1 2 3 4 5 6 7 8 8.59 10

WADD TR 60-450

SIZE OF GAS HOLES - IN MILLIMETERS

Figure 25, Elongation vs Gas Holes - Correlation
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MODULUS OF ELASTICITY - 10% ps1

35

]

34 Material:
410 Stainless Steel ]
Castings 0, 1" Thick
32‘33.0 P €L 12.9 A
32 — 320 —a 320
31 Iésl.l

* NU

MBER OF SPECIMENS NOT STATISTICALLY ADEQUATE.,
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0 l $30.1
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~ 27.2

e27.7%

®24.9
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Figure 26. Modulus of Elasticity vs Gas Holes --Range of Values
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Figure 27, Modulus of Elasticity vs Gas Holes - Correlation
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Figure 28, Tensile Yield vs Inclusions - Range of Values
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Figure 29, Tensile Yield vs Inclusions - Correlation
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Figure 30. Tensile Ultimate vs Inclusions - Range of Values

WADD TR 60-450

65



TENSILE ULTIMATE - IN KSI

280

Material:
2601 ' 410 Stainless Steel ]
Castings 0. 1'" Thick
240
220
200&6197-.‘__\
= —— ] 187
180 Nwa
-.-""h. — .. .
= '..rsa*
160 o ."15.7*
‘e .o" ®o,
149% "...
140 ST o tae*
120
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE,

100% . ]

80} - —

60 .

e Average Values .
40 —_ —
aolb——1—"—1— 8 & LARGER, AVERAGING 8. 9
]
|
0 1 2 3 4 5 6 7 8 8.9 10

SIZE OF INCLUSIONS - IN MILLIMETERS
Figure 31. Tensile Ultimate vs Inclusions - Correlation
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Figure 32, Elongation vs Inclusions - Range of Values
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Figure 33, Elongation vs Inclusions - Correlation
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Figure 34, Modulus of Elasticity vs Inclusions - Range of Values
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Figure 35. Modulus of Elasticity vs Inclusions - Correlation
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Figure36, Tensile Yield vs Porosity - Range of Values
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Figurc 38, Tensile Ultimate vs Porosity - Range of Values
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Figure 39, Tensile Ultimate vs Porosity - Correlation
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Figure 40. Elongation vs Porosily - Range of Values
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ELONGATION - PERCENT IN 2 INCHES
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Figure 41, Elongation vs Porosity - Correlation
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MODULUS OF ELASTICITY - 10° psI
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Figure 42, Modulus of Elasticity vs Porosity - Range of Values
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MODULUS OF ELASTICITY - 108 psr
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Figure 43, Modulus of Elasticity vs Porosity - Correlation
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Figure 44, Tensile Yield vs Gas Holes - Range of Values
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TENSILE YIELD - IN KSI
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Figure45, Tensile Yicld vs Gas Holes - Correlation
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Figure 46, Tensile Ultimate vs Gas Holes - Range of Values
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TENSILE ULTIMATE IN KSI
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Figure 47, Tensile Ultimate vs Gas Holes - Correlation
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Figure 48. Elongation vs Gas Holes - Range of Values
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Figure 49, Elongation vs Gas Holes - Correlation
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Figure 50, Modulus of Elasticity vs Gas Holes - Range of Values
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MODULUS OF ELASTICITY IN 106 PSI
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Figure 51, Modulus of Elasticity vs Gas Holes - Correlation
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TENSILE YIELD - IN KSI
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Figure 53.Tensile Yield vs Inclusions - Correlation
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TENSILE ULTIMATE IN KSI
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Figure 54, Tensile Ultimate vs Inclusions - Range of Values
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TENSILE ULTIMATE IN KSI
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Figure 55, Tensile Ultimate vs Inclusions - Correlation
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ELONGATION - PERCENT IN 2 INCHES
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Figure 56, Elongation vs Inclusions - Range of Values
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ELONGATION - PERCENT IN 2 INCHES
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Figure 57. Elongation vs Inclusions - Correlation
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Figure 58, Modulus of Elasticity vs Inclusions - Range of Values
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MODULUS OF ELASTICITY IN 106 ps1
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Figure 59, Modulus of Elasticity vs Inclusions - Correlation
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Figure 60. Tensile Yield vs Porosity - Range of Values
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Figure@1, Tensile Yield vs Porosity - Correlation
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Figure 82, Tensile Ultimate vs Porosity - Range of Values
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TENSILE ULTIMATE IN KSI
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Figure 63.  Tensile Ultimate vs Porosity - Correlation
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ELONGATION - PERCENT IN 2 INCHES
=Y

T I
MATERIAL:

12.8

0.2" THICK

410 STAINLESS STEEL

AVERAGE VALUES

A PLUS OR MINUS 2 STANDARD DEVIATIONS

l I | I
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE.

7.6

5 i 5,1

p 4.3 43 47
4 mm
3 [ XA 3.5

%20
# 2.4 124 2 12 2 e24%
2 - 7 & HIGHER, 0,6 AVERAGING T.3-
. ————— -
1 -1 b - LI.? R I_M
- 0.5 0.6
T .
) 0 ] 2 3 4 5 6 7.3 8

Figure 64,
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Elongation vs Porosity - Range of Values
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ELONGATION - PERCENT IN 2 INCHES
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Figure 65. Elongatfon vs Porosity - Correlation
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MODULUS OF ELASTICITY - 10% psI
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POROSITY BY INTENSITY NUMBERS

Figure 68, Modulus of Elasticity vs Porosity - Range of Values
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MODULUS OF ELASTICITY - 10° psI
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POROSITY BY INTENSITY NUMBERS

Figure 67, Modulus of Elasticity vs Porosily - Correlation
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TENSILE YIELD - IN KSI
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Figure 68, Tensile Yield vs Gas Holes - Range of Values
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Figure 70, Tensile Ultimate vs Gas Holes - Range of Values
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Figure 74, Modulus of Elasticity vs Gas Holes - Range of Values



MODULUS OF ELASTICITY - 10% psI

35

34

33

32

31

30

29

28

27

26

25

24

23

22

WADD TR 60-450

SIZE OF GAS HOLES - IN MILLIMETERS

Figure 75. Modulus of Elasticity vs Gas Holes - Correlation

132

: Materiél:
410 Stainless Steel |
Castings 0. 3" Thick
AVERAGE OF THE AVERAGE VALUES,
NOT A REGRESSION LINE
/
.»29.4/ 9.4
28,6 %8 ' $28.6 »e
®28.4
® Average Values
6 & LARGER, AVERAGING 8.1
— _!
0 1 2 3 4 5 6 7 8.1 9 10



*Burueeuz [eotoeId B 9ARY O] [SAI[ 20UIPIJUOD IOJ MO 00} IaNTEA e
*mo13q sur wo paimbas zaqunu ass (a3enbspe jou suswrdads jo raquumy e
‘w1 utdeassr ‘STOTSNIOUI I93sBR[-pUE-WIWI-~g SUIA®Y suawridadg »

‘juesord sem ‘PasEIIDUT SUOISN[IUT JO IZIS SB ‘SON[BA I2MO] PILMO) PUII] OU ‘PPEWI jJoU ses sisdreuwy

SISATVNV NOILVTIUIOD

19T  6ST 861 gs1 LST $S1 6ST LS1 9a1 - ( &mrqeqoxd g6+ ) Ty teddp
L8 621 €€T €1 LET 6€1 9¢1 8¢l 21 - { &4r1qeqoxd g6 0 ) ITWIT 194077

:STENMPIATPUT IOF SITATY

¥'81 9S°L 1°9 §°g 6% L't 6°G L'y 0°9 TOTJETASD PIEpUER]S 9Y] JO IIBIREF
¥Z1 44! 9% 1 iadt L¥1 9% 1 L¥I IA 41 124! - ( symsax 1593 Jo afexase } PaA artsudl

16 UI 21T Siojourelrd
12138 138)8 PUE SI[NEII SUIMOTIOT YL

Setek - - - - - - - - = G6*'0 TEYI SSIT JT ‘I9AS[ adUIpTIUOD)

9¢ s € € Z Z 3 Z € - 98erosAe ang} oy ssyoeoxdde symesr 9Y)
jJo a8eIaa® 3Y] 1B} IOUSPTFUOD GH°0 10}
p=imbal IaqUINU PaUTWIIAISP A[[EOTISTIRIS

%*%9 S 4 91 LT Y4 Y4 9 L9 - pais9] suowroads Jo raqurnN
#0T L ..w- S ¥ 3 z 1 SUIUITI94G
{ 5I939WII[[TUI UT IJIUURIP ) SUOIST[OU] JO IZIQ T0ITTO)

TYTIFA LV MDIHL-u€"0 - SNOISAATTONI "SA dTIIX FTISNIL - SITASHY A0 XYVINNNAS 62 °¢

WADD TR 60-450



TENSILE YIELD - IN KSI

280

I I I
Material:
260 410 Stainless Steel —|
Castings 0, 3" Thick
240
220
200
180
i 16
160*]56 157 A‘.‘i? 154 157 155 P e 159
p 144 147 Thf? 146 147 144 Tl“é & 144
140 138 ‘*136 129 137
h e +133 *33 -1
120 ¢ 1245
100
~ &
80
60 * NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE, — |
e Average Values
40 <. Plus or Minus 2
Standard Deviations
20
8 & LARGER, AVERAGING 10
‘ _’,-—d—____/
0 1 2 3 4 5 6 7 8 9 10

SIZE OF INCLUSIONS - IN MILLIMETERS

Figure 76, Tensile Yield vs Inclusions - Range of Values
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Figure 78, Tensile Ultimate vs Inclusions - Range of Values
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Figure 80. Elongation vs.Inclusions - Range of Values
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Figure82, Modulus of Elasticity vs Inclusions - Range of Values
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Figure 84. Tensile Yield ve Porosity - Range of Values
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Figure 85, Tensile Yield vs Porosity - Correlation
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Figure 86. Tensile Ultimate vs Porosity - Range of Values
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TENSILE ULTIMATE - IN KSI
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Figure 87. Tensile Ultimate vs Porosity - Correlation
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Figure 88. Elongation vs Porosity - Range of Values
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Figure 89, Elongation vs Porosity - Correlation
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Figure 90. Modulus of Elasticity vs Porosity - Range of Values
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Figure 91, Modulus of Elasticity vs Porosity - Correlation
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Figure 92, Tensile Yield vs Gas Holes - Range of Values
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Figure 93, Tensile Yield vs Gas Holes - Correlation
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Figure 94, Tensile Ultimate vs Gas Holes - Range of Values
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Figure 96, Elongation vs Gas Holes - Range of Values
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MODULUS OF ELASTICITY - 108 psi
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Figure 88, Modulus of Elasticity vs Gas Holes - Range of Values
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Figure 99, Modulus of Elasticity vs Gas Holes - Correlation
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TENSILE YIELD - IN KSI
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Figure 100, Tensile Yield vs Inclusions - Range of Values
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Figure 101, Tensile Yield vs Inclusions - Correlation
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TENSILE ULTIMATE - IN KSI
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Figure 102, Tensile Ultimate vs Inclusions - Range of Values
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TENSILE ULTIMATE - IN KSI
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Figure 103, Tensile Ultimate vs Inclusions - Correlation
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ELONGATION - PERCENT IN 2 INCHES
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Figure 104. Elongation vs Inclusions - Range of Values
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ELONGATION - PERCENT IN 2 INCHES
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Figure 105, Elongation vs Inclusions - Correlation
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MODULUS OF ELASTICITY - 10° psI
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Figure 106, Modulus of Elasticity vs Inciusions - Range of Values
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MODULUS OF ELASTICITY - 108 psi
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Figure 107, Modulus of Elasticity vs Inclusions - Correlation
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TENSILE YIELD - IN KSI
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Figure 108, Tensile Yield vs Porosity - Range of Values
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Figure 109, Tensile Yield vs Porosity - Correlation
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Figure 110, Tensile Ultimate vs Porosity - Range of Values

WADD TR 60-450

185



TENSILE GLTIMATE - IN KSI

280

Material:
260 410 Stainless Steel
Castings 0. 6" Thick
240
220
200
180
—
164 ""--...._____-
160 1
e e 1156 153 [ 153 *
.-.---"""l-.-ll-!-. M...l.l"fﬁ:h-—.
140 - 137 teele,, 136K
-~F§ ...‘
120 p124 %
100—
30
* NUMBER OF SPECIMENS NOT STATISTICALLY ADEQUATE.,
60
e Average Values
40—
20—
0 1 2 3 4 5 6 7 8

POROSITY BY INTENSITY NUMBERS

Figure 111, Tensile Ultimate vs Porosity - Correlation
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MODULUS OF ELASTICITY - 10° psI
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Figure 119, Modulus of Elasticity vs Gas Porosity - Correlation
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6. DISCUSSION OF TEST RESULTS

6.1 (Correlation of Tensile Properties to Material Tmperfections:

6£.1.1 General -

Figures 120, 121 and 122 summarize the entire spectrum
of test results obtained with material having intentionally introduced
imperfections: gas holes, ineclusions, and porosity, resgpectively. The
averages of the tenslle properties, execept for modulus of elasticity,
are piotted against the size or intensity of the lmperfection. Modulus-
of-elasticity results were not ploited because they did not indicate any
reduction in value, as the size or intensity of the lmperfection increased.
Modulus averages for each type of flaw and thickness of material are
listed below:

Type Thickness Average Modulus
of of Casting of EBlasticity
Imperfection (in inches) (in 10° psi)

Gas Holes 0.1 28.7
0.2 29.5
0.3 28.9
0.6 28.3
Inclusions 0.1 28.1
0.2 29.3
0.3 28.9
0.6 28.6
Porosity 0.1 29.4
0.2 29.2
0.3 29.0
0.6 28.8

There is a tendericy for the modulus values to drop off
slightly as the thickness of the casting increases. However, 0.1l"-thick
castings contalning gas holes and ineclusions gave results counter to this
trend.

The averages of ‘results of tensile-property testing at
the foundry for &ll 4l heats (81l thicknesses) are listed below. In
addition, Convair test results obtained with control coupons (no defects)
for 40 heats (0.1"-, 0.2"- and 0.3"-thick material) and for 23 heats
(0.6"-thick material) are listed.
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ELONGATION - PERCENT IN 2 INCHES
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Figure 121 Tensile Property Values vs Inclusions
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6.1.1 General - (continued)

COMPARATIVE TENSILE TEST RESULTS

Tensile Yield Tensile Ultimsete Elongation

(ksi) (ksi) % in 2"
FQUNDRY TESTS
41 Heats (all thicknesses)1 152.3 190.7 9.5
CONVAIR TESTS
40 Heats (150 coupons)2 -
0.1", 0.2" and 0.3" thick 147.1 193.,0 T.5
23 Heats (103 coupons)5 -
0.6" thick 3.2 162.4 2.9

Test results with control coupons (no defects) at Convair
for 0.1"-, 0.2"~ and 0.3"-thick meterial are generally comparsble to foundry
results, Percent elongstion 1s low; thils is probably due to coupon configu-
ration, and the fact thet the surfaces of the flat coupons were in the
foundry-prepared condition. Results with the 0.6"-thick control coupons are
unusually low. This fact is more fully discussed in paragraeph 6.2,

In addition to the results with the 0.6"-thick control
coupons being low, test results with the 0.6"-thick castings, containing
intentionally introduced imperfections, were also unusually low. This condl-
tion was particularly evident, with the ultimate-strength and percent- elonga-
tion tests when flew sizes or Intensities were smali.

The effects of imperfections on the 0.1"-, 0.2"«~ and
0.3"~thick castings generslly follow similar patterns for each thickness.

The relationships between tensile yield and material im-
perfecticns followed slmilar patterns in el]l ceses. With gas-hole and

incluslon imperfections, the tensile yield dropped off ag the tensile-ulti-
mate values aspproached to 20 ksi and less of the yleld strength. This tend-
ency to depress the yleld strength was not epperent with test specimens
having pcroslty imperfectlons, Yield strength 1s apparently not affected
by an increase in the thickness of the castings.

Regression curves for percent elongation drop off much
more rapldly as a result of low-intensity porosity then they do with small
gas-hole and incluslon imperfections. The genersl pattern of the relation-
ship, however, remeins the seme. The main reason for dividing porosity

1. Type R~l coupons per Federal Test Methods Std. 151, Method 211
2. Type F-2 coupons per Federal Test Methods Std. 151, Method 211
3. "Speclal" coupons. See paragraph 2.4.3, this report.
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£.1.1  CGeneral - {continued)

imperfections intc intensities, differing by small amounts, was in consgider-
ation of the rapid loss in percent elongation values.

Before the regression curves for tensile-ultimate test
results were plotted, test results were first adjusted by relating the
average tensile-ultimate test results to an average Rockwell hardness
reading. A base of Rockwell (-42, was chosen, since it represented the
value closest to the average, for most of the tensile-coupoan hardness
values. In the majority of cases, this adjustment lmproved the relation-
ship between tensile ultimate and the flaw size or intensity, i.e., the
plot of the tensile results against the flaw size or intensity was
generally more uniform after the adjustment was applied. There were a
few cases, however, where this improvement did not materialize,

Procedure was as follows: From tensile-ultimate/Rock-
well-hardness chartsl’g, the difference in tensile-ultimate values for
Rockwell readings between (-39.1 and C-45.7 is 35 ksi. This averages
out at 0.53 ksi for =ach C.1 Rockwell-C hardness increase. Applying
this ratio to test results from this project, we

(1) Increased the tensile-ultimate value by C.53 ksi for each 0.1 Rock-
well-C hardness value that it tested, below Rockwell C-42.

(2} Reduced the tensile-ultimate value by 0.5% ksi for each 0.1 Reckwell-
¢ value that it tested, above Rockwell C-42.

The effects of ges holes and inclusicns on the tensile-
ultimate values decrease as the thickness of the casting increases. No
correspending trend is apparent when considering tensile-ultimate values
in relation to porosity and casting thickness.

6.1.2 Gas-Hole Imperfections -

The tensile-ultimate regression curves for O.1"-and
0.2"-thick materisl, Figure 120, tend toward convexity. The curve for
U.3"-thick material more nearly approaches a straight line. Yield
strength held constant until it was approached within 2C ksi or less by
the tensile-ultimate results. Depressed tensile-yield values are apparent
with the 0.1"-and 0.2"-thick castings. Percent-elongation values drop
off rather rapidly, with values for the 0.1"«thick material dropping off
most rapidly.

The maximum size of gas holes to meet 8 set of mini-
mum values for various tensile properties follows:

1. American Society for Metals, Metals Handbook, Cleveland: 1948, p. 100.
2. TFederal Test Methods Standards No. 151, Method 241, 17 July 1956.
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6.1.2 Gas-Hole Imperfections - (continued)

Casting Maximum
Tensile Minimum Thickness Gas~Hole
Property Value {(in inches) Size (mm)
Ultimate
Strength 175,000 psi 0.1 Approx. L
0.2 " b
0.3 " i
Yield
Strength 135,000 psi 0.1 Approx. 6
0.2 " 6
0.3 Over 8
Percent
Elongation 6 percent 0.1 Approx. 1
' 0.2 " 1
0.3 " 1

6.1.3 Inclusion Imperfections -

A straight line or a convex relationship is seen when ten-
sile-ultimate values are plotted against the size of inclusions (Figure 121).
In this case, the 0.3"-thick material displays the convex tendency.

For each tensile property, the pattern of the curves are
similar to the gas-hole patterns, the yield dropping-off when depressed by
low ultimste velues. The slopes of the percent-elongation, and ultimate-
strengths curves are similar. The tendency for the thinner castingse to be
affected to & greater degree 1s more pronounced with material having inclusion
imperfections.

The maximum size of inclusions to meet a set of minimum
values for various tensile properties follows:

Casting Maximum

Tensile Minimum Thickness Inclusion

Property Value Lin inches) Size (mm

Ultimate

Strength 175,000 psi 0.1 3 plus
0.2 Ik plus
0.3 5 plus

Tensile

Strength 135,000 psi 0.1 6 plus
o.2 T plus
0.3 8 plus

Percent

Elongation 6 percent 0.1 Approx. 1
0.2 1 plus
0.3 1 plus
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6.1.4  Porosity Imperfections -

Figure 122 illustrates the relationships between the -
tensile properties and porosity imperfections. The ultimate~ strength
relationship shows a tendency to vary from & straight line to slightly
concave curve. The degree of concavity appears 4o increase with the
thickness of the casting. There is no tendency for thinner castings to
be more affected by a gilven intensity of porosity than thicker castings.
This is because the same degree of porosity in a thicker casting reguires
a relatively greater amcunt of porosity. The yleld strength does not dis-
play any tendency to drop-off as the ultimate approaches the vield values,
The percent elongaticn does drop-off very rapidly with porcus material,
even when the intensity is low.

The maximum intensity of porosity to meet a set of
minimum requirements for various tensile properties follows:

Casting Maximum
Tensile Minimum Thickness Porosity
Property Value {in inches) Intensity
Ultimate
Strength 175,000 psi g.1 Approx. 5
0.2 3 plus
C.3 5 plus
Yield
Strength 135,000 psi 0.1 OQver 8
0.2 Over 7
0.3 Qver 5
Percent
Elongation 6 percent 0.1 Approx. 1/3
0.2 "1/3
0.3 1 1/3

6.1.5 Gas-Porosity Imperfections -

As many examples of gas porosity as possible were ob-
tained from coupons available. Gas porosity, when viewed microscopically,
appears as fine gas holes, as shown in Figure 123. Shrink porosity on
the other hend is an intergranular condition. The radiographs of gas
poroslity usually appears star-shaped with numercus "fingers" radiating from
a "focal point" (Figure 124). The mechanics of the formation of gas-type
porosity are apparently related to the collapse of a gas bubble during the
casting process. Since partially cooled molten metsl is somewhat slugeish,
complete exhausting of the gas, when a bubble collapses, does not occur.
The residuasl gas Yorms "fingers" around the position of the original gas
hele., The point where the gas escapes from the casting appears as &

"focal point" from which the "fingers" radiate. The "focal point" of the
gas-porosity "star" usually extends to the casting surfece, giving evidence
that 1t was at thls point that the gas of the collapsing bubble escaped.
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Figure 123 Photomicrograph Showing Gas-Type Porosity Voids
in Network Area (Shown Below). Magnification 60X

Figure 124 Print of an X-ray Film Showing Gas-Type Porosity.
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6.1.5 Gas-Porosity Imperfections - (continued)

For the most part, all the test specimens which fractured
in the gas-porosity areas were 0.2"- and 0.3"-thick coupons. A number of
0.6"-thick coupons which contained gas porosity fractured in positions other
than gas-porosity areas, sreas which usually contained low-intensity shrink
porosity, or areas free of Ilmperfections. The gas-type-porosity specimens
were graded by measuring the maximum size of the area covered by the "fingers";
they were grouped into one-millimeter-size categories, the same as was done
with gas-hole and inclusion imperfections. The summaries of test results
and graphical displays for gas-porosity imperfections are covered in pages
195 thru 200. The regression line for ultimate strength shows that the effect
of this type of porosity is not severe, in comparison to other types of
material Imperfections. Wherever a tenslle test coupon contained another
type of imperfection, along with gas peorosity, 1t almost invariably fractured
in the area having the other type of lmperfection, or 1n an erea free from
flaws. The yleld strength was not affected by gas porosity. The effect
on percent elongetion, however, was drastic, resulting in a sharp drop in
elongation when any gas porosity was present. Percent elongation for gas-
type porosity levelled-off slightly above the levelling-off polnt for shrink
porosity (epproximately 3.5%, compared to 2.75%). The number of specimens
having gas-porosity lmperfections, was not sufficlent to Justify a statisti-
cal analysis.

6.1.6 Test Coupons ~ A Recapitulation of, -

A total of 1608 test coupons were obtained from the cast
slabs. The division of coupons among the thicknesses tested is listed below:

Material Number of
Thickness Coupons Tested
0.1" 405
o 2" Log
0.3" 391
0.6" 403
Total - 1608

Fifty three coupons were disqualified from consideration
due to fracturing in the grip or radius areas, or to cracks, mostly the hot-
tear type, or to cold shuts. Many coupons contalning gas holes or incluslons
actually fractured in areas which were free from imperfections. When this
happened, the coupons were classified as control (defect-free) coupons.

When the statistical analysis wae made, the coupons which contained gas holes
and inclusions, but which fractured in control areas, free of imperfectionms,
were included in the flaw category as well as in the control (defect-free)
category. For example, coupons having gas-hole imperfections (0.6"-thick
material) fractured in control (defect-free) areas up to 87% in one case.
Coupons heving inclusions (0.6"-thick material) fractured in areas free from
imperfections up to 70% in one case. The number of coupong contalning gas
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6.1.6 Test Coupons - A Recapitulation of, - (Continued)

holes or inclusions, which fractured in imperfection-free areas, was

much less with the thinner castings. For example, the maximum percent

cf imperfection-free fractures occurring in any gas-hole category for
0.2"-thick castings was only 30%. Coupons having imperfections which
fractured in flaw-free areas usually displayed a higher percent elongation,
on the average, than those which fractured in the flaw area. For 0.6'-
thick material, however, this was not apparent.

Classifying coupons, a&s stated above, can be justi-
fied because, in determining strength of cast material, we sre endeav-
oring to find the strength of the material having imperfections, whether
the fracture occurred in the flaw area, or not. Many castings which
~contained imperfections failed in areas which are radiographically free
of imperfections. In effect, we are analyzing strength-to-imperfection
relationships under intentionally imposed conditions, by the technique
empleyed in this project.

When porosity imperfections were present, the fracture
almost invariably cccurred in the porous area. In addition, if a gas
hole cor an inclusion was present in a coupon containing porosity, the
fracture was almost invarisbly in the porous area. Exceptions occurred
only when the gas-hcle or inclusion was very large., A plausible explans-
tion for this fracture pattern is that it was due tc the sharp drop in
elongation values whenever porcsity was present. The strain, occurring
after the yield strength had been chtained, during testing, tends to pin-
point the fracture within porcus areas, because of the low degree of elonga-
tion in the porous material.

Because of the conditions explained sbove, many coupons
which were intended for gas-hole or inclusion tests were transferred to
poroslity categories affer a review of the fracture areas. Therefore,
less coupons were categorized as gas-hole and inclusion imperfections and
a larger number of specimens was classified as having & porosity-type
imperfection.

6.1.7 Confidence in the Test Results -

The number of samples required for 0.95 probability,
in order that the average of the test results spproached, within an allow-
able error, the true population saverage, were available for most of the
tensile~-yield and modulus-of-elasticlty determinations. Values obtained
indicete that both properties tend not to be affected by flaw size or
intensity. The yleld-strength results for gas-hole and inclusion imper-
fections were usually depressed when the tensile-ultimate values approached
to within 20 ksi of the yield strength. This relationship and attendant
depression of the tensile yield was noi evident until after the ultimate
strength had reached a value well below the minimum, usually specifiled
for Type -410 cast steel, i.e., 175 ksi.
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6.1.7 Confidence in the Test Results - (continued)

Adequacy of sampling for tensile-ultimate values was
usually achieved. For some imperfections, causing marginally reduced values,
slightly over 175 ksi, we did not have a statistically adequate number of
samples. However, sufficient evidence was obtained in adjacent areas to
produce & definite trend in the regression curves. By extrapoclating the
regression curves thru areas of inadequate sampling, there is sufficient
evidence to indicate reliable values for the marginal areas. Usually,
sampling was insufficient only in those categories where the values were
already well belcw useful, structural requirements, i.e., strength areas
from which castings would not be applied to meronautical applications.

6.1.8 Statistical Adeguacy of Number of Specimens Required for
Percent Elongation Tests -

The statistical analysis of the results of percent-elonge-
tion tests, for adequacy of number of samples, was computed by using an
accepteble error term equal to 0.15 {15%) of the mean value. Adequacy of
nurber of samples for other teunsile properties was computed by using an
acceptable error term of 0.05 (5%) of the mean value. To have used this
game error term (0.05) for % elongation would not have been realistic. The
minimum increment to which elongation test results are normally read amounts
to 1/2 of one percent (0.01" in 2"). A 6% elongation result, subject to an
error in reading of 1/2 of one percent, may introduce an error in the reported
results of 8.33%. That is because 1/2 of 1% is 1/12th of 6%, or 8.33% of
the result reported. Sometimes, values of percent elongation are subject
to reading errors having even higher percentages. For lnstance, 1/2 of 1%
is 1/6th of 3% or 16.66%. Since the percent-elongation test results in
this project vary quite extensively, the 0.15 acceptable error figure does
not appear unreasonsble. Even with this relatively high value, there were
sti11l many categories for which the determination of the number of samples
reguired for statistical adequacy far exceeded the number cf specimens tested.

6.2  Abnormaily Low Tensile-Ultimate Strength and Percent Elcongaticn
for 0,6"-Thick Test Coupons:

Figures 120, 121 and 122 indicate that the results of tensile-
ultimate snd percent-elongation tests for the 0.6"-thick coupons were abnor-
mally low. An investigation was made to determine if & plausible explanation
for the low results could be found. It has been reported that considersble
difficulty was experienced in accurstely testing these larger coupcns and,
because of this, parts of the group were tested at-three different locaticns.
The principal difficulty was maintaining a firm grip on the test coupons.

The cross section of the gage area of these coupons was 0.6" square inches,
and on many cccaslions leoads of over 100,000 pounds had to be transmltted from
the test jaws to the test coupons. It wasn't until a relatively new test
machine, having new test jaws, was used that the test procedure cculd be
conducted without experilencing gripping troubles. One facet of the investi-
gation of causes of low test results was to determine 1f significantly
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6.2 Abnormally Low Tensile-Ultimate Strength and Percent Elongation
for 0.6"-Thick Test Coupons: (continued)

different results were obtained at the three different test locaticns.

Tests performed at the three locations were separated into
groups according to test location. Tensile-ultimate test results, for
specimens ccntaining intensity-1 porcsity, were selected for an analysis
of variance because this defect category had the largest number of speci-
mens tested at each of the three locations. The analysis of variance was
chosen because it i1s a statistical technique that discerns with a high
degree of probability (0.95) whether there is any difference in the average
test results, becausé of the specimens having been tested at three dif-
ferent locations., Tensile ultimate test data and the analysis of variance
follows.

TENSTLE TEST RESULTS; TESTS RUN AT THREE LOCATIONS

(0.6"-thick material, having an intensity-1 porosity imperfection)

Location (1) Location (2) Location (3)
Tensile Column Tensile Column Tensile Cclumn
Ultimate One - Ultimate Two Ultimate Three
(ksi} Squared (ksi) Squered  (ksi) Squared
1h1.2 19,9L0 167.0 27,890 167.3 27,990
149.6 22,380 169.2 28,630 - -
158.2 25,030 170.8 29,170 - -
155.7 2l , 240 178.9 32,010 Balance of data is in
1h7.7 21,820 152.7 23,320 Appendix A, para-
157.0 2h, 650 1ho. 4 22,320 graph A46.2
146.5 21,460 133.9 17,930 - -
- - 166.2 27,620 170.0 28,900
Totals: 1055.9 159,520 1288.1 208,890 13,527.6 2,102,610
Average 150.8 22,789 161.0 26,111 153.7 23,893

Number
of Tests: 7 at location (1) 8 at location (2) 88 at location (3)

ANALYSIS OF VARTIANCE TABLE

Source of Degrees of Sum of Mean Sum F
Variation Freedon Squares of Squares Ratio
Between locations =1 85¢ M5t MSt/MSE
Within locations n-v SSE MSE
Totals n=-1 58T
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ANALYSIS OF VARIANCE TABLE (continued)

v = Number of locations = 3; v- 1 =2

n = Number of %test specimens = 1033 n - v = 100

Correction factor = (1055.9 + 1288.1 + 13,527.6)2/103 = 2,445,706

1

159,520 + 208,800 + 2,102,610 - 2,445,706 = 25,31k
(1055.9)2/7 + (1288.1)2/8 + (13,527.6)2/88 - 2,4k5,706 = 468

55T

85t

SSE (by difference) = 25,314 - 468 = 24,846

[}

MSt = 8St/v - 1 = 468/2 = 23k

MSE = SSE/n-v = 2k,846/100 = 248

F ratio = MSt/MSE = 234/248 = 0.9L

Reconstructing the Analysis of Variance Table we now have:

Source of Degrees of Sum of Mean Sum F
Variation Freedom Squares of Squares Ratio
Between locations 2 L68 234 0.94
Within locations 100 2k, 846 248
Totels: 102 25,314

The cbserved mean squares ratio, 0.94, does not exceed the critcal tabulated
F-velue {3.10)1 for 2 and 100 degrees of freedom. The hypothesis that there
is nc difference between test results cobtained at the three diiferent loca~
tions is accepted, and it can be concluded that testing procedure was not

a factor in the gbnormelly low test results.

An inspection of the fractured tensile coupons was made to
determine if poor elongetion was due to poor ssmple preparation or test
technique. The surface condition of the coupcns were found to be good. The
light sand blast after heat treatment left the surface very uniform from
sample to sample. The jaw-grip areas indicated a lack of eccentrice loading
during the test operation. No evidence could be frtund to indicaite that
the test technique was in any way responsible,.

In order to determine if the heat treatment resulted in unlform
hardness throughout the test-coupon cross sections, a few coupons were

libid, p. 618, footnote 2, p. 39, this report
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6.2 Abnormally Low Tensgile-Ult mate Strength and Percent Elongation
for 0.6"-Thick Test Couponi: (continued}

sectioned for hardness tests. In gencrsl, the surface hardness of the
0.6"-thick coupons was similar to the surface hardness of the thinner
coupons. The cross section hardness results of the 0.6"-thick coupons
indicated a very uniform hardness froia the surface to the center of the
coupons as follows:

Edge Hardness

Test (Subsurface) Center Hardness
Nao. Rockwell C Rockwell C
1 4%.0 - LL.0 43.0 - 4.0
2 4z.5 - L4.Q 4z.5 - 44,5
> b2.o - Lh.o 42.0 - k3.0
b Lo.o - 44,5 43.5 - 44.0

Mieroscopic examination of these coupons showed no apparent
differences in structure from the surlace to the center. It can be con-
cluded that the heat treatment of the coupons resulted in a uniform
strength level throughout the cross s:ction and that edge hardness was
representative of the full cross section. The heat treatment could not,
therefore, be considered a factor in :ausing the abnormally low test
results.

For lack of definite evideice, it was decided to determine if
the relatively large, rectangular cross section of the test coupons was a
factor in causing low test results. ‘'‘herefore, two test coupons C.2" thick,
were machined from the center of the ).6"-thick casting and two other
coupens, 0.2" thick, were machined, kzeping one surface in the as-foundry-
prepared condition. Two coupons, therefore, represented surface material
and two represented center material of the 0.6"-thick castings. They were
all machined to type F-2 coupons the same as were used for the 0.1", 0.2"
and 0.3"-thick castings. The material used in preparing these test speci-
mens was from a cast slab from which :wo control coupons had previously
been tested in full 0.6"-thick sectiol. The results of the original
0.6"-thick control-coupon tests and tie four 0.2"-thick, type F-2 coupon
tests, cut from the same cast slab follows:
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6.2  Abnormally Low Tensile-Ultimate Strength and Percent Elongation
for 0.6"-Thick Test Coupons: (continued)

Tensile Tensile
Yield Ultimate % Elongation
Test Conditions _(ksi) (ksi) in 2"
Control 1 - 0.6" thick iks.1 150.1 2.0
Control 2 - 0.6" thick 137.3 145.0 2.0
Surface 1 - 0.2" thick
(F-2 coupon) 146.9 199.8 8.0
Surface 2 - 0.2" thick
(F-2 coupon) 151.6 201.2 7.5
Center 1 - 0.2" thick¥*
(F-2 coupon) 132.% 180.3 4,5
Center 2 - 0.2" thick .
(F-2 coupon) 143.5 195.6 10.5

From these test results, it can be seen that material obtained
from the center and from the surface of the 0.6"-thick casting, but mechined
to 0.2"-thick, type F-2 coupons and heat treated, produced normal test
results. Material from the same slab, when heat treated and tested as
0.6"~thick "special” coupcn produces abnormelly low tensile ultimate and
percent elongation results. This is an indication that the 0.6"-thick by
1.0"-wide gauge area of the "special" coupons was in some way responsible
for the low test results.

In order to cbtain additional evidence that the size and shape
of the "special' test coupon was a factor in the low test results, other
tests were conducted. Two 0.6"-thick test coupons were cut from a cast slab,
along with two additional pieces, 0.6" x 1.0" x 9". The machined, 0.6"-
thick test coupons and the 0.6" x 1.0" x 9" pieces were heat treated to-
gether, After heat treatment, two 0.2"-thick, type F-2 coupons were machined
from the 0.6" x 1.0" x 9" material. By doing this, the heat treatment of
the two F-2 coupons was effected in the same menner as the 0.6" x 1.0" sec-
tion, the same as the gage area of the "special" coupons. After heat treat-
ment, the two F-2 coupons were milled and ground. This procedure was fol-
lowed through to determine if heat treatment of the 0.6"-thick section was
responsible for the low test results. One type F-2 coupon was cbiained from
the center section and ohe was obtained from a surface section of the 0.6"-
thick castings. One of the surfaces of the coupon from the surface section
was left in the same condition as it was received from the foundry.

*Contained porosity (Intensity No. 3)

WADD TR 60- 450 518



6.2  ZAbnormally Low Tensile-Ultimate Strength and Percent Elongation
for 0.6"-Thick Test Coupons: (continued)}

: Inadvertently, the test material was from a cast slab of high
hardenability. The slab chosen contained 0.19% carbon (heat 4012).
After heat treatment, the final hardness was on the high side, approxi-
mately Rockwell C-48. These coupons were then retempered to reduce the
hardness. Following the first regular temper at 525F, the coupons were
subjected to a second temper at 600F. The hardness was only slightly
reduced by the second temper. The final hardness of the coupons was
Rockwell C-47 to 48. The results of the tensile tests follow:

Test No. Coupon_Type Location in 0.6"- Tensile % Elongation
Thick Ultimate in
Cast Slab (ksi) 2 inches
1 0.6" Thick, "Special'" Full Section 169.8 1.5
2 0.6" Thick, "Special' Full Section 15k, 3% 1.0%
3 0.2" Thick, Type F-2 Surface 0.2" 226.0 4,0
ly 0.2" Thick, Type F-2 Center ¢.2" 168,0%% 1.0%

¥Test No. 2 contained intensity-1 porosity.

*¥*Test No. 4 contained intensity-6 porosity.

The properties of Test Nos. 3 and 4 can be considered normal.
The tensile-ultimate result of Test No. 3 is high, in accord with the
high hardenasbility of the m&terial. Tensile ultimate for Test No. 4
is also slightly higher than the 155 ksi value, normal for 0.2"-thick
coupon, containing intensity-6 porosity. This is also due to high harden-
ability. Tensile results for Tests Nos. 1 and 2 are sbnormally low.
These results furnish further indications that the 0.6"-thick, rectangu-
lar cross section, 1"-wide gage area is responsible for the low test
results.

Apparently, the size and shape of the "special"-coupon gage
area was not condueive to normal elongation results. Out of 103 test
results {control specimens) for 0.6"-thick castings, only 6 had 6% elonga-
tion, or more. One specimen had 16% elongation; this result was rechecked
and was proved to be correct. The averages of the six coupons, compared
to all control specimens follow:

Average Average
Tensile Ultimate % Elongation
(xsi) (in 2 inches)
6 Specimens Having 6% Elongation, 192.6 8.6
or more -
All Control Coupons - 162.4 2.9
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6.2  Abnormally Low Tensile-Ultimate Strength and Percent Elongation
for 0.6 -Thick Test Coupons: (continued)

These figures indicate that when good elongation results are
obtained, normal tensile-ultimate values are alsc obtained.

It is conceivable that brittle fractures are promoted by rec-
tangilarly shaped coupons, having relatively large cross sections and high
strength values. It is also possible that there is some "critical size'
of the cross section, for the strength level involved, above which elonga-
tion results will tend to drop off rapidly. Tne fractures of the 0.6"-thick
coupons were consistently brittle. This agrees with the findings that very
1ittle additional ultimate strength was obtained, once the yleld point was
exceaded.

The large, rectangularly shaped coupons are apparently not
affected by a double-temper operation. The 0.6"-thick coupons, specially
prepared and tested, &bove, were double tempersd. This did not improve
the abnormally low tensile-ultimate and elongation results. The double-
temper treatment rules out the possibility that residual austenite was a
factor.

6.3 Effects of the Human Element on Radiocgraphic Readings:

The radicgraphs of coupons from the 0.3"-thick castings were
read by three experienced radiographers, each operating independently.
These radicgraphers had previously read the 0.1"-and 0.2"-thick test
coupons in eccordance with the reference radiographs (Figures 3, 4, and 5) .
They were considered to be experienced when working with the radiographic
references. 'The gradings of the 0.1"- and 0.2"-thick coupons were the
result of a concensus of opinions, in each case. For the 0.3"-thick cou-
pons, the three sets of individual readings were averaged to cbtain the
finsl grading for each coupon. A comparison of the individual readings
with the averages are represented graphically in Figure 125 and 126,

From Figure 125 and 126, it can be seen that Reader No. 2
agreed with the average reading most often, 82% of the time, whiie Reader
No. 3, agreed the least often, 71% of the time. Disagreement, in this
case, meant the total number of readings differing from the average
regerdless of the amount of difference. A realistic comparison of the
degrees of difference for each individual cannot be made, because in some
cases where there were differences of more than cne degree, a general
discussion undoubtedly influenced the final reading. From Figure 126,
it can be seen that Reader No. 1 tends to downgrade more than the cther
readers; he indicates that larger sizes or higher intensity flaws ere pre-
sent than Reader Ho. 2. Reader Nc. 3 interprets flaws as having the
smallest size or intensity.
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6.4 Sensitivity of Elongation Test Results to Imperfections:

A check was made which tends to show the lack of abllity to
read the full measure of the effect of imperfections into a radlographic
grading. A comparison of average, percent-elongation results from all
control coupons with control coupons which were obtained from selected
areas of the casting, having the most ideal casting conditions, showed
higher elongation results from the selected areas:

CASTING THICKNESS

0.1" 0.2" 0.3"
Avg % Elong. (&ll controls) - 7-5 7.6 7.7
Avg % Elong. (selected controls) - 8.1 8.6 10.1

The percent elongation is very sensitive to effects of imper-
fections. This wag previously shown by the rapid loss in elongation
resulting when specimens had very small-size or low-intensity Imperfec-
tions. The above comparisons indicate that control coupons which were
cbtained from random locations (all control coupons) probably contained
a degree of imperfections which was not apparent from radicgraphic inspec-
tion. These imperfections, elthough nct noticed in the radiograph,
resulted in lower elongation values.

The selected control cocupons were taken from the same location
in each casting, adjecent end parallel to the gating area. The long
length of each casting was gated continuously over its entire length.
Through this area, & considerable amount of hot metal passed to feed the
other parts of the casting. The metal which finally came to rest in this
area was hotter than the metsl in other parts of the casting. This area
was also assured of a plentiful supply of additional hot metal from the
casting-well riser.  These twc facts resulted in the most ideal casting
conditions occurring here.

6.5 Relationships Between Grain Size, Cast Sections and Casting
Temperatures:

One sample was usually taken from each heat and each casting
thickness for & grain-size- check., They were taken only for information
purpceses. The everage grain size of samples, taken in each casting thick-
ness, displayed a definite trend. As the casting thickness increased,
the grain size also increased. This 1s shown in Figure 127.

A fixed relationship apparently does not exist between grain
size and the temperature of the melt, prior to casting. Figure 128, which
displays information sbout 0.2"-thick castings, indicates this lack of
correlation. Generally; the grain size is a functicon of the rate of
solidiflcation of the casting.

In these castings, the solidifications rate is not influenced
as much by the temperature of the melt as by the conditions of the casting
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6.5 Relationships Between Grain Size, Cast Sections and Cesting
Temperatures: (continued)

process. For example, the degree of cooling of the metal, as it is poured
into the casting, is affected by many factors:

(1) The pouring rate.

(2) The flow pattern of the melt in the pouring well, mold cavity and
risers.

(3) The temperature of the mold.
(%) The number of risers.
(5) Other factors affecting cooling rate.

A1l of these vary greatly from casting to casting. This
variation may also be large from area to area within a casting. The
influence of section size, however, is quite constant for each thickness.
Consequently trends affecting grain size develop with section size, &as
shown in Figure 127. The average temperature of the metal poured into
the thinner molds was higher than that of the metel poured into the
heavier molds. This can be seen in Table k, Temperature - mold-thickness
relationships were intentionally controlled in order to ald in casting
the thinner cast slabs.
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OF STEEL CASTINGS AND MATERIAL
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7. CORCLUSIOHNS
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T CONCLUSIONS

7.1  Test Results with 0.1"-, 0.2"- and 0.3"-Thick Castings:

Generally, tests were run in sufficlent numbers for statistical
adequacy at a 0.95 confidence level. Results can be used to support
engineering designs and structural stress analyses. Applications should
be limited to type-%410 stainless steel, cast in shell molds, heat treated
to 175 ksi ultimate strength (minimum) et rcom temperature, and a maxi-
mum thickness of approximately 0.350".

7.2 Test Results with 0.6"-Thick Castings:

The tensile-ultimate and percent-eleongation results with
0.6"-thick material were unusually low in comparison to those obtained
at Convalr with the thinner castings (paragraph 2,4.3 and Figures 120,
121 and 122). They are also unusually low in comparison to tensile
properties resulting Ifrom foundry tests, using Type R-1 - 0.505" diameter
test coupons.l The large number of tests and the extensive investigation,
described in paragraph 6.2, indicate that the results cbtained with the
0.6"-thick coupons are related to the size and shape of the coupon, for
the strength level of the metal tested. Apparently the cross section of
the test specimen and size of the coupon are not conducive to "mecking -
down" during tensile testing. The end result was that the coupons frac-
tured with a brittle fracture, shortly after the metal reached the yield
point, where plastic flow became a factor during testing.

It can be concluded, therefore, that the properties obtained
from test coupons having relatively large cross sections (0.6" by 1.0")
are more indicative of conditions encountered when & correspondingly
thick casting i1s stressed in service.

The size of type F-2 and the R-1 test coupons is apperently
below the "eritical size" for type-410 steel, heat treated to 175 ksi,
minimum. The "special" coupon size used with 0.6"-thick material is
evidently larger than the "ecritical size." The "ecritical size" is con-
sidered to be that size, beyond which the percent-elongation values drop
off rapidly. The low-elongation results (brittle fractures) tends to
limit the ultimate-strength values to velues slightly above the yield
strength., Application of the test results, developed by this project,
with 0.6"-thick material to engineering design and stress analyses should,
therefore, be limited to the tensile-yield and modulus-of-elasticity
correlations. In essence, in the application cf the results of this
study to design, the tensile-yield properties rather than tenslile ulti-
mate shculd he considered.

It is also concluded that, since material imperfections have
little or no effect on the yield strength, they need not be considered
as limiting factors when designing to yield strength. This holds true

1Federal Test Methods Standards No. 151, Method 211.
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7.2 Test Results with 0.6"-Thick Castings": {continued)

at least up to the size or intensity of imperfections which were supported
by adequate sampling. This conclusion is further supported by the fact
that many fractures occurred at locations other than gas-hole and inclu-
sion areas, as indicated by radiography. In one case, 87% of the frac-
tures oceurred in areas other than those having radiographically discernible
gas-hole or inclusion imperfections.

Tn contrast to other imperfections, porosity dees affect the
yield strength of 0.6"-thick material, but only te a minor degree
(Figure 122).

T3 gimilarity of Gas-Hole and Inclusicn Effects on Tensile
Properties:

The tensile values obtained with test coupons containing geas
noles end inclusions of equal sizes, are comparable. The possibllity
exists that the values could be combined, having the advantage that one set
of results would be appliceble for both types of imperfections. During
the radiographic reading of these imperfecticns, i1t was often impossible
to differentiate between these two types, especially if they were round and
of even density. Positive identification could be made only after fractur-
ing cccurred. This was accomplished by examining the fracture. If the
imperfection appeared tc be irregularily shaped and of varying density, it
usually was an inclusion-type imperfection.

7.4  Heat-Treatment Effects on the Appearance of Rediographs:

No evidence was found which would indicate that the heat treat-
ment of 410 cast-steel alloy had any effects on the appearance of the radio-
graphs. However, all cast slabs were process annealed after casting; they
were then normalized and reannealed before the initial radiographs were
made. It was only possible, therefore, to compare radlographs of material
which had received the above heat treatments to radiographs of the material
which was additionally heat treated as follows:

Austenitized 1 hour, winimum, at 1825F.
Cil Quench
Temper 2 hours, minimum, at 525F.

No differences in the appearance of the radicgraphs could be
ascribved to this additionel heat treatment.

Te5 Application to Weldments: -

The correlations obtained in this study may be applied t¢ steel
weldments of type- 410 composition, since weldments, in reality, are cast
structures.
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8. RECCMMENDATIONS:

8.1 Additional Work Required:

Supplementary information i1s needed in order to determine iT
correlations, which were developed 1n this project for type- 410 cast
steel, can be applied to all heat-treatable steel castings suitable for
seronautical applicaticns. Additional work is required as follows:

(1) Correlations should te determined fuv O.W'-thick, type~410Q cast steel
to cobtain additional information on castings having thicknesses between
0.3" and 0.6". It is required ithat typse F-2 coupons be used; metal would
be cast in shell molds and coupons would be processed as in this project.
This investigation is necessary to complete the enalysis of mass effects.

(2) Correlaticns with 0.2"-thick type-llG cast steel, made by mclding
methods, other than shell meolding, i.e., cersmic-sheli, lost-wax, poured-
hot method and ceramic molding, poured ciid. This data would supply
information toc determine if results obtained with one casting method hold
true with other casting methods.

(3) Correlations, using an alloy, heat treated to the approximate level
of type-410 cast steel, such as, 17-LUPH cast steel, heat treated to 180-
210 ksi, cast in shell molds, 0.1" and 0.3" thick. Results of this work
would show if the hardening method (martensitic vs. precipitation harden-
ing) causes any difference in relationships to imperfecticns between
different cast steels, heat treated to comparable strength levels.

(¥) Correlation using an alloy heat treated to three different strength
levels, such as, type- 4340, modified, heat treated to 150-180 ksi, 200 to
220 ksi, and 240-260 ksi, cast in shell molds, 0.1" and 0.3" thick.
Results would indicate if one alloy, heat treated to different strength
levels, effects any change in the relationships to imperfections.

(5) Correlations using a hot-work die steel, such as AISI class H-11,
heat treated to 260-280 ksi, cast in shell molds 0.1" and 0.3" thick.
These tests would show if a hot-work dile steel would produce comparable
relaticnships.

It is recommended that these tests be so conducted that correla-
tions could be determined between tensile yield, tensile ultimate, and per-
cent elongation, when related respectively to the fcllowing imperfections:
gas holes, inclusions and shrink perosity. The work recommended would
also determine whether or not gas-hole and inclusion imperfections could
be combined as a defect clagsification. See paragraph 7.3, sbove.

8.2 Radiographic Reference Blocks:

Test blocks from which radiographic reference films were ob-
tained are approximately 2" x 2", conforming to a size being considered
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8.2  Radiographic Reference Blocks: (continued)

by ASTM. It is recommended that consideration be given to changing the size
of the test blocks, To conform to the gage area of the tensile test coupon,
from which tensile properties are obtained. This would require 1/2” x 2"
blocke representing each category, size or intensity of imperfection for

0.1", 0.2"- and 0.3"-thick castings and 1" x 2" blocks for 0.6"-thick cast-
ings.
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Al. TENSTLE~

APPENDIX A

YIELD TEST DATA - IMPERFECTION: GAS HOLES - 0.1"-THICK

MATERTAL

Al.l.

Control Test Specimens {no defects) - Y values are in ksi:

Y Y Y Y Y

Y
140.,2 139.6 1hg,3 158.% T150.6 138.3
138.2 151.2 148.3 1bo9,5 1k46.8 1lhk4.s5
139.% 147.8 1ho.7 1464 1L0.3  1h3.9
148.9 150.0 153.8 1Lk,1  3138.6 133.8 ¥ = 1ks,2
1k2,7  146.0 150.6 14%0.7 157.5 139.0
1ho.4 1441 150.5 1k0.6  1kh.7T 137.7

Al.2 One-mm-Size Test Specimens - Y values are in kei:
Y Y Y
137.% 1h7.1 1le.0
1.2 156.0 14,5 Y = 1L6.5
1h9.6 1ko.2 151.2
Al.3 Two-mm-Size Test Specimens - Y values are in ksi:
Y Y Y
151.5 1.8 71358
14h,0  155.6 16k Y = 1L6.6
145.2  138.1 153.8
Al.h4 Three-mm- Size Test Specimens - ¥ values are in ksi:
¥ Y Y Y
1%0.1 1h0.1 1B7.3 135.%
153.2 152.4 1k47.6 Y = 146.6
Al.5 Four-mm-Size Test Specimens - Y values are in ksi:
Y Y Y Y
149,0 151.8 1M1.Lk 17139.9 _
146.9  1hk.7  153.3 Y = 1h6.7
Al.6 Five-mm-8ize Test Specimens - Y values are in kei:
Y Y Y
124,3  1#2.3 156.7 _
145.9 1k2,6 135.5 Y = 1lL1.1
Al.T Six-mm-Size-and~-Larger Test Specimens, Averaging 8.5 -

Y values Bre in ksi:
Y (bmm) Y (8mm) Y (9mm) Y (10mm) ¥ (1lmm)

WADD TR 6€0- U450

102.3 155.8 0.9 116.3 6L.6

140.6 108.0 100.9 157.2

116.3 89,4 . Y =
110.3
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APPENDIX A

A2, TENSILE-ULTIMATE TEST DATA - IMPERFECTION: GAS HOLES -0.1"-THICK
MATERIAL

A2.,1  Control Test Specimens {ro defects) Y values are in ksi:

Y Y Y Y Y Y Y
186.%  179.0 201.% 197.3 189.7 190.6 18BG.3
181.9 183.6 198.4 20k.2 196.4 182.7

185,7 20%i.4  207.0 193.6 191.5 189.3

200.0 206.8 203.1 195.1 187.8 195.2 Y = 192.6

AP.2 One-mm-~S8ize Test Specimens - Y values are in ksi:

Y Y Y Y
180.3 203.9 186.L 183.6

186.3  202.5 190.5

205.4  20%.4  20k4.2 Y = 194.8

A2.3 Two-mm-Size Test Specimens - Y values are in ksi:

Y Y Y ¥
177.6 206.¢ 178.0 203.1
192.7 204,0 171.3
205.1 206.8 193.6 Y = 193.9

A2. 4 Three-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y
193.0 196.8 186.9 1B0.L
186.3 189.1 165.4 Y = 185.h4

A2,5 Four-mm- 8ize Test Specimens - ¥ values are in ksi:

Y v Y Y
I73.0 1I162.,5 160.5 162.5
191.6 179.1 181.7 Y = 173.0

A2.6  Five-mm-Size Test Specimens - Y velues are in ksi:

Y Y Y Y
157.0 160.1 168.7 I25.9
154,2 158.,7 154.9 Y = 154.2

A2.T7  Six-mm-size-and-Larger Test Specimens, Aversging 8.4 -
Y values ere in ksi:

Y (bom) Y (6mm) Y (8mm) ¥ (Qmm) ¥ (10mm) ¥ (1lmm)

79.3 128.3 167.5 91.7 113.1 160.6

105.0 116.5 108.0 105.3 133.9 69.1 _

149.6 90. & 97.3 66.1 Y = 111.4

WADD TR 60- 450
239



APPENDIX =&
A3. ELONGATION TEST DATA - IMPERFECTION: GAS HOLES -0.1"-THICK MATERTIAL

A3.1 Control Test Specimens {no defects) - Y values are in % in 2":

Y Y Y Y Y Y Y
%.5 5.5 7.5 5.0 9.5 6.0 B.0
8.0 11.0 116.0 8.0 7.5 7.0

8.5 4.0 5.0 Lo 7.5 7.0 Y= 7.5
9.5 10.0 8.5 8.5 6.0 7.0

4.0 9.0 6.5 9.0 6.5 10.0

4.0 7.5 8.5 9.0 6.5 3.0

A3.2 QOne-mm-Size Test Specimens - Y values in % in 2":

Y Y Y Y Y
50 5.0 &5 B35 8BGO
7.0 5.0 11.0 9.0 11.0 ¥ = 7.1

£3.3 Two-mm-Size Test Specimens - Y values are in % in 2":

Y X x X Y
2.5 3.5 3.5 1.6 &85
5.0 5.0 2.5 40 Y = 3.9

A3.4  Three-mm-Size Test Specimens - Y values are in % in 2':

Y Y Y Y
2.0 1.5 2.5 2.5
3.5 2.5 2.0 Y = 2.4

A3.5 Four-mm-S8ize Test Specimens - Y values are in % in 2":

Y Y ¥ Y
2.0 1.5 2.5 2.5 _
3.5 2.5 2.0 Y = 2.4

A3.6  Five-mm-8ize Test Specimens - Y values are in % in 2":

Y Y Y
55 2.0 2.0 _
2.0 3.0 Y= 2.4

A3.7  Six-mm-Size-and-Larger Test Specimens, Averaging 8.5mm -
Y values are in % in 2:

Y (bom) Y (Bom) Y (Qmm) Y (1Omm) Y (1lmm)

5.0 2.5 2.0 2.0 35

1.5 2.0 1.5 2.0 1.5

2.5 2.0 2.5 2.5 Y = 2.3
2.0
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APPENDIX A

Al.,  MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: GAS HOLES - 0.1"-
THICK MATERIAL

Al.1  Control Test Specimens (no defects) - Y values are in 106 psi:

Y Y Y Y Y Y Y

32.0 29.% 26,3 31.8 29.1 27.5 29.1

8,1 28.0 30.4 31.8 3.7 26.9 _

30,1 31.0 30.4 29.7 30.4 28.6 Y = 29.8
29.5 29.1 3l.k  30.0 28.4 30.5

28.9 28.9 28.% 31.5 29.4 26.6

31.9 29.1 30.8 33.8 30.0 29.k

Alk,?  One-um-Size Test Specimens - Y values are in 106 psi:

Y Y Y Y Y
£29.7 29.2 29.k 32.0 31.8 _
29,4 30.0 29.9 28.9 28.0 Y= 29.8

Ak,3  Two-mm-Size Test Specimens -~ Y values are in 106 psi:

Y Y Y Y Y
28.6 3.8 30.2 29.7 B
26,8 30.8 29.4 30.4 31.4 Y = 29.9

Al. 4  Three-mm~Size Test Specimens - Y values are in 106 psi:

Y Y Y Y
29,0 32.0 30.4 3.6 Y = 30.1
27.3 30.0 29.9
A4,5  Four-mm-Size Test Specimens - Y values are in 106 psi:
Y Y Y Y
28.6 29.6 28.4 3.7
27.8  27.1  29.7 Y = 29.0
At.6  Five-mm-Size Test Specimens - Y velues are in 106 psi:
Y Y Y Y
25.3 27.2 3.8 29.2
27.6 24,4 28.6 Y s 27.7

Ab,7  Six-mm-Size-and-Larger Test Specimens, Averaging 8.1 mm -
Y values are in 100 psi:

Y (fom) Y (fmm) ¥ (Bmm) ¥ (9mm) Y (1Omm)

27.5 2L,2 29.5 23.5 26,2
23.8 22.8 20.8 21.4 25.8 Y = 24,9
29.3 2k, 4 22.8

26.3

WADD TR 60- 450
: 241



APPENDIX A

A5. TENSILE~YIELD TEST DATA - IMPERFECTION: INCLUSIONS -0.1"-THICK
MATERT AT

A5.1 Control Test Specimens (no defects) -

Data for control test specimens was presented in paragraph
AlLl

A5.2 COne-mm-Size Test Specimens - Y values are in ksi:

Y Y Y
143.2  150.6 1L9.3
137.4  138.6 Y = 143.,8

A5.3 Two-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y Y Y
12,7 1hks.2 1L 145.5 TIhT7.0  T118.6
158.7 150.1 1h45.9  1k45.2  135.4% 1LE.8
lé2.h  142.6 1h9.1 129,6 138.2 Y = 144.8

A5.4  Three-mm-Size Test Specimens -~ Y values are in ksi:

¥ Y Y Y
155.6  137.8 1i5.3 TIBB.I
157.9 151.9 139.3 140.3 Y = 147.3
is52.6  1h6.8  146.7  1kk,7

A5.5 Four-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y
14,1 153.6 1L1.9 1L3.6é
151.7 1h5.6  138.% 135.3
154,3  151.6 137.3 146.3 Y = 146.0

A5.6 Five-mm-Size Test Specimens - Y values are in ksi:

Y ¥ Y Y Y
138.6 1550 136.9 1U3.6 T1IWT7.6
135.8 153.8 122.5 1k40.5 133.7 _
152.7 14%0.3 136.6 112.8 Y = 136.2

AS5.7 Six-mm-Size Test Specimens - Y values are in ksi:

Y ¥ Y Y
117.5 1ke.2 1h5.2  127.h
134.6  136.7 1h1.%4 Y = 135.0

WADD TR 60~ 450 2hp
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A5.8 Seven-mm-Size Test Specimens - Y values are in ksi:

Y Y Y jd
154, 7  150.% 150.0 £0.1
1bo,7 150.3 105.5 1h2.0 Y = 135.3

A5.9 Eight-mm-Size-and-Larger Test Specimens, Averaging 8.9 -
Y values are in ksi:

Y (Bmm) ¥ (Bmm) ¥ (9mm) Y (10mm) ¥ (1lmm)
97.9 153.7 113.5 157.5 2.5 _
12k, 2 147.9 87.5 . ¥ = 118.1

A6, TENSILE-ULTIMATE TEST DATA - IMPERFECTION: INCLUSIONS - 0.1" -
THICK MATERTAL

A6.1  Control Test Specimens {no defects):

Date for comtrol test specimens was presented in paragraph A2.1.

Ab.2 Qne-mm-Size Test Specimens: Y values are in ksi:

Y Y Y
203.2 185.7 187.8 _
150.9 201.6 184.5 Y = 192.3

A6.3 Two-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y Y Y

162.1 169.% 185.2 172.7 192.% 198.6

188.9 196.2 173.0 187.7 180.4% 196.%

201.8 183.1 197.9 17i.9 181.9 - Y = 187.0

A6k Three-mm-Size Test Specimens - Y values are in ksi:

Y Y Y ¥

186.7 158.8 179.7 168.3

186.8 172.7 180.6 191.5 Y = 179.1
176.5 186.8 176.,2 188.9

A6.5 Four-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y
162.8 179.6 1ALk.3 1B9.5
159.8 196.6 175.1 166.1 Y = 179.k
196.7 191.3 190.8 180.7

WADD TR 60- 450 2h3
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A6,6  Five-mm-Size Test Specimens - Y values are in ksi:
Y Y Y Y Y
180.9 191.9 141.3 164,5 114.0
147.3  179.1 1k2,1  190.9 172.9 _
179.2 162.5 130.5 17L.0 153.1 Y = 161l.h
A6.7 Six-mm-Size Test Specimens - Y values are in ksi:
Y Y Y Y Y
132.9 136.% 169.4k 121.8 133.2 _
121.7 167.2 150.5 172.4 Y = 1hs5,1
A6.8  Seven-mm-Size Test Specimens - Y values are in ksi:
Y Y ¥ Y
170.5 185.0 150.0 88.2
190.7 188.3 107.0 156.2 Y = 154.,5
A6.9 Eight-mm-snd-Larger Test Specimens, Averaging 8.9 -
Y values are in ksi:
Y (Bom) Y (Bom) Y (9mm) Y (10mm) Y (1lmm)
a3.b 177.8 126.3 170.9 89.7 _
136.1 173.8 87.5 Y = 89.7
A7.  ELONGATION TEST DATA - IMPERFECTION: INCLUSIONS - 0.1"-THICK
MATERT AL
A7.1  Control Test Specimens (no defects) -

Data for control test specimens was presented in paragraph A3.1.

A7.2  One-mm-Size Test Specimens - Y values are in % in 2":
XY
3.0 B85 805 _
3.5 6.5 9.0 Y= 6.1
A7T.3 Two-mm-Size Test Specimens - Y values are in % in 2':
Y Y Y Y Y
50 5.0 3.5 2.0 2.0 10.0 _
7.5. 4.0 2.0 2.5 2.0 7.5 Y= 46
5.5 3.5 6.0 3.5 8.0
AT.4 Three-mm-8ize Test Specimens - Y values are in % in 2"
¥ Y Y
2.5 2.0 1.0 2.0
3.5 2.5 3.5 7.5 ¥ = 3.3
2.0 3.5 3.0 6.5

WADD TR 60- 450
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A7.5 Four-mm-Size Test Specimens - Y values are in % in 2":

A7.6 Five-mm-Size Test Specimens -~ Y values are in % in 2":

Y Y Y Y Y
%.5 L,0 2.5 1.5 1.5
1.5 1.0 1.5 2.5 2.0 Y=2.6
3.5 3.0 1.5 2.5 4o

A7.7 Six-mm-8ize Test Specimens - Y values are in % in 2":

Yy Y ¥ X
3.5 2.0 1.5 2.5 _
2,0 5.0 1.0 2.5 Y=2.5

A7.8 Seven-mm-Size Test Specimens - ¥ values are in % in 2":

Y Y Y
3.5 3.0 1.5 T.5 _
2.5 2.0 1.5 Y = 2.2

A7.9' HEight-mm-and-Larger Test Specimens, Averaging 8.9 mm -
Y values are in % in 2°:

(10mm) Y (1lmm)
5 2.5

Y (Qmm) Y

2.0 3. _

3.0 Y = 2.7

AB.  MODULUS-OF-ELASTICITY TEST DATA-IMPERFECTION: INCLUSIONS -
0.1"-THICK MATERIAL

A8.1 Control Test Specimens (no defects)

pats for control test specimens was presented in peragraph Ak.1.

A8.2 One-mm-Size Test Specimens-Y values are in lO6 psi:

WADD TR 60-450 ol5
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48,3 Two-mm-Size Test Specimens ~« Y values are in 106 psei:

Y Y Y Y Y Y
28.9 29,2 28B4 29.8 31.0 30.%

25.9 28.5 30.8 3L.8 3.6 3.7 T=29.7
2 33.5 26,9 28.1

AB.4  Three-mm-Size Test Specimens - Y values are in lO6 psi:

30.0

Ll
=]
[

L)
[=]
»

L

Lo
=

- *

-3

L)
(&)
=
<

L

AB.5 Four-mm-Size Test Specimens - Y values are in 106 psi:

Y Y Y Y
29.8 29.2 29,3 131
28.6 28.2 29.6 29.
29.3 29,4 28,1 31

™ o\ O
<]
]

29.5

AB.6  Five-mm-Size Test Specimens - Y values are in 106 psi:

Y Y Y Y Y

28.8 29,1 29T 30.3 326.5

31.8  30.5 25.5 29.0 30.9 _

28.4 25.6 28.8 29,5 26.8 Y= 28.7

A8.7 Six-mm-Size Test Specimens - Y values are in lO6 psi:

Y Y Y Y
27.7 27.3 287 26.5
26.9 29.9 27.3 27.9 Y = 27.8

A8.8  Seven-mm-Size Test Specimens - Y values are in lO6 psi:

Y Y Y Y
0.7 27.3 30.0 3.0 _
29.8  30.3 32.5 Y = 30.0

A8.9 Eight-mm-and-Larger Test Specimens, Averaging 8.6 mm -
. Y values are in 10° psi:

Y (Bmm) Y (Smm) Y (10mm)
27.2 26.8 28.5
29.1

27.9

|
n
n
B
O

WADD TR 60- 450. 2Lé
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A9, TENSIL.E-YIELD TEST DATA-IMPERFECTION: POROSITY - 0.1"-THICK MATERIAL

19,1 Control Test Specimens (no defects)

Data for control test specimens was presented in paragrsph Al.l

29,2 Intensity-1 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y
1.6 Th6.9 139.5 147.5 18,6 109.3
139.9 152.5 1hkh,9 1hk6.2  1h2.8 1k8.4
143.8 156.7 138.5 15,2 1khk.7  151.5
156.5 151.0 152.6 137.3 - 151.5 1h43.9

147.9 1k49.6 142.5 159.0 138.0 1k7.1 Y = 1hk7.1
18,6 1s5k.9  14h,2  1hi b 16,7
49.3 Intensity-2 Test Specimens - Y values are in ksi:
Y Y Y Y Y Y
1Lk,5 132,3 15,1 136.2 1h6.3  1h3.7
ibh,5 1b7.7 152.9  138.9  13k.7 1.7
150.3 1b7.3  1h7.h 148.4  131.1  1k0.2
150.3 1Lk6.7 1h46.1  1h9.3  138.8
152.5 151.7 156.3 136.9 151.9 Y = 145.5
150.7 158.3 157.5 1#3.1 1.6
145,54 147.1 148.5 1b6.5  142.8
AS. 4 Intensity-3 Test Specimens - Y values are in ksi:
Y ¥ Y Y Y Y
137.0 15&4.% 145,55 157.L  145.6  1h5.h
129.3 k2,6 151.7 153.7 1h5.2  143.3
14%0.2 138.8 1k9,0 151L.2 1Lbk,5 144
143.0 150.4 1la.9 1.7 1ho.2 12,2
147.3  1h7.8  148.1 126.3 145.5 1hkg.2 ¥ = 145.5
146.6 150.1 150.0 147.9 1dk5 1L5.6
147.6 1h9.2 157.8 1k3.9 1u0.2
49.5 Intensity-4 Test Specimens - Y values are in ksi:
Y Y Y Y Y Y
138.6 151.7 1Ls5.3 1L6.0 1i47.4 151.1
137.7 138.9 133.9 137.8 121.3 150.k
1.y 153,3  143.8 11,6 153.6 148,0
147.9 1bg.5 146.6 137.3 1L43.8 1khg
151.2 153.5 1ko.7 1.4k 1ko.3 Y = 1hk.s5

152.3 14%9.8 142.9 1hko.9 1k3.7

WADD TR 60-450 2h7
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A9.6 Intensity-5 Test Specimens - Y values are in ksi:

Y Y Y Y Y
145,5  1h6.7 1800 IES5 % T153.3
138.4  1k2,1  1¥2.1  1ks.9  118.1
150.%  1hk,5  1he.2  1ks5.6 Y = 145.0
150.3 1h49.8 143.9 135,L

A9.7 1Intensity-6 Test Specimens - Y values are in ksi:

Y Y Y Y
1%5.5 1k5.0 155.9 16,9

147.9 1hk0.9 1L45.8 149.1 Y = 147.7
151.8  2146.1  148.1 149.3

A9.8 Intensity-7 Test Specimens - Y values are in ksi:

Y Y Y
I 185,95  I6.6
151.2 149,9 144,77 ¥ = 146.1

A9.9 Intensity-8 Test Specimens - Y values are in ksi:

Y Y Y Y
153.5 1ho.5 1%0.7 1ILI3.7
147.1  1k5.9 108.2 149.3 Y = 1lh2.4

AlO  TENSILE-ULTIMATE TEST DATA - IMPERFECTION: POROSITY -
0.1"-THICK MATERIAL

A10.1 Control Test Specimens (no defects)

Date for control test specimens was presented in paragraph
A2.1.

A10.2 Intensity-1l Test Specimens - Y values are in ksi:

Y Y Y Y Y Y
1%0.5 183.9 19%.3 1I86.6 192.6 1B3.9
185.9 196.4 19k.h  193.8 197.9 192.3
192.7 191.3 198.7 188.9¢ 165.0 189.8
179.4  187.7 1544 190.0 187.3 193.8
182.5 17k.1  176.5 196.1 190.7 164.8
180.3 196.4 195.5 192,7 182.2 Y = 186.5

WADD TR 60-1450 248
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Al0.3

A10.4

Al0.5

A10.6

Ao.T

WADD TR 60-450
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Intensity-2 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y
iB3.2 169.9 187.0 18L1 180.9 182.5
183,5 192.2 191.2 18l.5 169.2 177.9
194,3 198.0 161.7 187.6 178.7 176.3
172.0 194.0 198,0 182.3 173.5

187.9 186.9 19%0.7 186.6 183.8 ¥ = 18L.7
189.9 189,5 189.8 180.6 189.9
178.1 168.6 197.7 1T77.5 191.3
Intensity-3 Test Specimens - ¥ values are in ksi:
Y Y Y ¥ ¥ Y
179.3 167.8 1B1.8 182.5 180.7 164.9
181.3 174.3 186.9 162.,6 181.,2 188.2
189,8 187.1 189.8 197.8 188.3 17L.8
192.6 189.4% 18h.7 18k 7 1k2.1 164, 7
181.1 195.8 196.0 1641 172.2 18k9 ¥ = 181.9
168.3 191.2 198.2 192.9 145.5 170.6
185.0 204.3 207.2 195.1 183.2 191.6
Intensity-4 Test Specimens - Y values are in ksi:
Y Y Y Y Y Y
16L.6 1B81.6 167.3 1B8%.1 189.3 187.1
177.8  175.4 181.1 17.6 16L.1
190.7 177.2 1841 166.9 182.0
17%.3 1342 170.0 189.6 160.0 Y = 176.0
177.5 1845 181.5 180.2 189.8
17h.7 166.% 178.2 156.9 197.0
193.9 183.0 1i7l.1 158.4 172.9
Intensity-5 Test Specimens - Y values are in ksi:
Y Y Y Y Y Y
i58.4L 161.6 169.2 19L.3 186.1 1B3.B
186.9 176.2 162.5 176.6 163.L
140.6 167.8 178.6 176.1 16kl Y = 171.5

1h2,2  156.4  190.3 169.6 186.4

Intensity-6 Test Specimens - Y values are in ksi:

Y Y Y

182.9 15L.7 173.6 1
180.8 166.9 168.8 1
175.3 184.5 167.8 168,
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AlO.9
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All,3

All.2

All.3
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APPENDIX A

Intensity-7 Test Specimens - Y values are in ksi:

Y Y Y Y
136.8 173.0 IBL.9 156.6 _
190.7 147.2 17h.1 Y = 162.9

Intensity~8-and-Higher Test Specimens, Averaging Intensity
8.2 - Y values are in ksi:

Y(Intensity 8) Y(Intensity 8) Y{Intensity 8) Y(Intensity 9)

187.0 162.2 122,2 162.1
158.3 177.9 162.5 1h1.6
124,3 176.97 172.4 Y = 160.7

POROSITY - 0.1"-THICK MATERIAL

Control Test Specimens {(no defects) -

Data for control test specimens was presented in paragraph
A3.1

Intensity-1 Test Specimens - Y values are in % in 2":

Y Y Y ¥ Y Y
6.5 3.5 5.5 3.0 2.5 5.0

5.0 5.0 2,0 3.0 2.0 7.5

6.0 3.5 9.0 3.0 2.5 3.5

2,0 2.5 .2.0 45 3.0 2.0 _

2.5 2.5 Lo Lo 3.0 Y = 3.9
3.5 5.5 3.0 7.0 3.0

Y Y Y Y Y Y Y
3.5 ko 30 30 I.5 5.0 3.0

2,0 5.0 2.0 6.5 5.0 3.0

1.0 2.5 2.5 4,5 3.0 5.0

1.5 .5 2.5 2.5 3.5 5,0

2.5 3.5 40 3.0 3.0 2.5

2,5 2.0 6.0 2.5 3.0 2.5 Y = 3.3

Intensity-3 Test Specimens - Y values are in % in 2":

Y Y Y Y Y Y
6.0 6.0 2.0 3.0 2.0 3.0

3.0 4.5 2.0 2.5 2.0 2.0

3.0 3.5 2,5 3.0 2.5 3.0 _

3.0 3.0 2.0 3.5 1.5 2.0 Y= 3.0
2.0 2,5 40 3.0 1.5 L0

3.0 3.0 k4o 3.5 2.0 2.0

2.5 5.5 Ls 3,5 2,5
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All1.5 Intensity-4 Test Specimens - Y values are in % in 2":

Y Y Y Y Y Y Y

.5 2.5 T0o 2.5 2.5 2.5 2.0

5.0 2.0 2.0 2.5 2.0 2.5 3.0

3.6 3.0 2.5 3.0 ko 2.0 _

2.0 2.5 1.5 2.5 2.0 3.0 Y = 2,7
2.5 2.0 2.0 2.0 5.5 2.5

Al11.6 Intensity-5 Test Specimens - Y values are in % in 2":

pd Y Y

w o
O aunaan

2.5
2.0
2.5

o

A11.7 Intensity-6 Test Specimens - Y velues are in % in 2":

Y Y Y Y Y
1.5 2.0 2.0 2.5 5.0
3.0 3.0 2.5 2.5 5.0 Y= 2.9

A11.8 Intensity-7 Test Specimens - Y values are in % in 2":

Y Y Y
2.5 2.5 1.5 _
3.0 2.5 2.0 Y= 2.3

Al1.9 Intensity-8 Test Specimens - Y values are in % in 2":

Y Y Y
3.0 1.5 2.5 2.0 1.5 _
2,5 2.0 2.5 2.5 Y = 2.2
A12.  MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: POROSITY 0.1"-THICK

MATERT AL

Al2.,1  Control Test Specimens (no defects)

Deta for control test specimens was presented in parsgraph
Ak.1,

Al2.2 Intensity~l Test Specimens - Y values are in lO6 psi:

Y Y Y Y Y Y

27.2 27.8 29,0 30.1 3.1 32.6

29.5 31.2 30.5 29.1 29.1 31.0

30.0 30.3 30.1 28.6 28.4 27.9

27.0 27.5 3%.2 29.6 28.8 31.9 Y= 30.1
29,8 31.6- 32.8 32,4 31.2 28.9

30.0 3t.6 32.0 33.0 28.4

WADD TR 60- U450 251
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Al2.3 Intensity-2 Test Specimens - Y values sre in 106 psi:

X ¥ Y Y Y Y
56.5 26.8 31.8 29.7 30.7 28,6

29.0 31.0 26.3 27.1 32.5 30.9

30.5 28.3 33.1 30.2 31.8 28.2

28.1 29.2 30.% 30.3 33.4

28.2  31.0 28.% 30.1 2k.2 Y = 29.6
3.8 27.0 29.4% 27.4  30.7

28.4  29.5 29,1 30.7 28.9

Al2. 4k Intensity-3 Test Specimens - Y values are in lO6 psi:

Y Y Y Y Y Y

28,9 27.9 30.2 27.7 29.2 35.9

27.7 27.7 31.0 27.1 31.8 33.4

32.8 29,6 30.6 30.4 258 27.8

33.5 29.1 28.8 26.7 28.9 28,4 Y = 29.7
26.6 30.2 32.6 27.3 33.3 31.8

28.8 29.% 30.9 31.2 27.6 32.3

29.5 29.2 26.9 31.9 29.1 29,1

Al2.5 Intensityhh Test Specimens - Y values are 1ln 106 psi:

Y Y Y Y Y Y
28.3 32.8 30.9 28.8 29.7 30.6

29.2 30.3 29.6 30.2 31.3

28.9 27.6 27.% 31.0 29.3

30.2  31.0 32.7 30.1 29,1 _

29,1 28.9 29,5 28.6 30.k Y = 26.9
23,5 30.3 31.0 30.3 29.k

31.r  32.4 29.5 30.8 33.

A12.6 Intensity-5 Test Specimens - Y values are in 106 psi:

Y Y Y Y Y Y

29.3 26.6 29,2 28,5 2B.6 29.k

29,6 29.8 29,7 28,5 31.5

26.1 3l.1 29.8 27.5 29.8 Y = 29.6
29,6 29.9 30.6 30.3 30.2

Al2.7 Intensity-6 Test Specimens - Y velues are in lO6 psi:

Y Y Y Y
20,0 28.5 2B.6 29.3
3L.6 27.0 33.0 30.5 = 29,4
30.0  30.3 26.7 28.6

WADD TR 60- 450 252



APPENDIX A

Al2.8 Intensity-7 Test Specimens - Y velues are in 106 psl:

Y Y Y Y
29,5 25.1 29.% 29.1 _
28,9 27.2 3L.6 Y = 28,7

A12.9 Intensity-8 Test Specimens - Y values are in 106 psit

Y Y Y

26.0 29.% 23.2 _

29,2 29.7 28.6 Y= 28.5
29.6 31.6 29.2

WADD TR 60-450
253
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AlS.

TENSILE-YTELD TEST DATA - IMPERFECTION:

APPENDIX A

GAS HOLES - 0.2"-

THICK MATERTAL

Al3.1

Al3.2

Al3.3

aAl3.h

Al3.5

A13.6

WADD TR 60-450

Control Test Specimens (no defects) - Y values are in ksi:

P4 I Y b4 b4 b4

151.5 14%5.% 14B.s 1y 152.5  143.8
151.5  144%.7  137.4  152.4 146.6  15h.1
132.3 148.1 153.4 158.3 142.1 148.8
43,1 150.9 150.2 155.2 150.3  150.0
138.7  141.4  145.6  155.2  137.0 1h6.2
k7.8 147.0 134.8 153.0 158.2 148B.L4
3.5 137.7 158.3 151.0 143.3

14%3.0  139.0 151.1 150.8 146.1 Y = 147.4

One-mm-Size Test Specimens - ¥ values are in ksi:

Y b Y Y Y
151.9 150.4 152.2 14k.0 1534
150.3 156.2 14k.1  151.5 150.2 ¥ = 150.4

Two-mm-3ize Test Specimens - Y values are 1n ksi:

Y X Y X ¥ Y
150.6 135.2 143.0 1k2.0 15hk.4  148.5
139.6 142.3  155.3 154.9 154.6 142.L4
k7.2 152.7 1445 147.1  143.0
k6.2 155.6 150.3 152.6 145.4 Y = 147.6

Three-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y Y
140.9  153.6 141.6  1°21.h  143.3
142.9  150.1 147.9 143.4  1k2.1 Y - 145.8
156.6 152.2 158.9 140.2  149.5

Four-mm-Size Test Specimens - Y values are in ksi:

1 I p4 I
141.7 150.0 157.8 139.9
k2.2 1B5.7  152.8 163
5.2 145.6 153.5 Y = 148.3

Five-mm-Size-and-Larger Test Specimens, Averaging 6.5 mm -

Y velues are 1in ksi:

Y (5um) Y (6mm) Y (Tmm) Y (9mm) ¥ (10mm)
135.2 B7. % 88.3 96.9 13k.2
143.5 128.3 150.2
150.5 138.3 153.5 Y = 128.1
152.3 107.3
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Alk, TENSILE-ULTIMATE TEST DATA - IMPERFECTION: GAS HOLES 0.2"-THICK
MATERIAL

Alk.1

Alh.2

A1k .3

All )l

Alh.S

AlL.6

WADD TR 60-450

Control Test Specimens (no defects} - Y values are in ksi:

Y Y X X Y Y
19%.1 190.4 201.5 212.2 20%.3 188.7
188.5 190.9 202.7 206.6 192.8 193.1
192.%  202.9 207.%  199.1 186.5 208.5
189.3 195.8 202.0 211.8 194%.4  196.1
191.2 191.0 193.5 207.7 191.8 195.3
196.% 198.0 185.4 193.5 201.1 194.8
195.6  191.1 187.9 204.8 185.5

185.9 189.0 206.8 212.3 192.7 Y = 196.7

One-mm-Size Test Specimens -~ Y values are in ksi:

Y X Y Y X
196.8 206.0 21k.0 ' 191.9 207.h _
2045 210.7 195.9 193.1 202.0 Y = 202.2

Two-mm-3ize Test Specimens - ¥ values are in ksi:

Y Y Y Y Y Y
186.7 192.9 191.k 189.9 18k.4 201.5
182.0 192.6 207.9 197.1 210.9 186.5
184.2  187.6 193.9 195.2 189.9

196.7 201.6 187.% 207.7 190.4 Y = 193.5

Three-mm-Size Test Specimens - Y values are in ksi:

X Y Y Y X
159.3 158.8 190.4 173.1 202.5
195.7 204.5 189.5 185.1 212.0
026.3 198.7 150.9 182.3 185.5 Y = 186.2

Pour-mm-Size Test Specimens - ¥ values are in ksi:

Y Y Y Y

Wi.7  205.7 178.%  211.5

195.2  163.3 152.8 160.0 Y = 175.3
i61.9 175.1 153.5

Five-mm-Size-and-Larger Test Specimens, Averaging 6.8 mm -

Y values are in ksi:

Y (Som) Y (6mm) Y (7mm) Y (9mm) Y (1Omm)

169.8 87.9 89.3 101.7 159.5
185.4 138.4 167.2 136.6
183.2 157.3 198.0 101.1
205.6 107.3

117.5 Y = 1hi.1
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AlS. ELONGATION TEST DATA - IMPERFECTION: GAS HOLES - 0.2"-THICK
MATERTAL

Al5.1 Control Test Specimens (no defects) - Y values are in % 1in 2":

¥ b4 Y X Y
5.0 11.0 5.0 7.5 10.0
7.5 11.0 6.0 3.0 6.0
9.0 11.5 11.0 7.5 10.0
6.5 6.5 9.0 8.5 3.0
10.0 3.5 5.0 7.5 5.0 Y =17.6
3.5 9.5 8.5 7.0 7.0
8.0 12.0 7.5 7.0 12.0
6.0 8.5 3.5 5.0 7.5
9.0 11.0 5.0 3.0 11.0

Al5.2 One-mm-Size Test Specimens - Y values are in % in 2":

pY ¥ X X I _
5 g.5 5.0 .0 Y =5.3
6.0 L.o 5.0 .0

O\

A5.3 Two-mm-Size Test Specimens - Y values are in % in 2":

Y b4 b X X Y
470 2.5 9.5 5.0 3.0 g5
3.0 10.0 2.5 1.5 2.5 7.0 Y =1bk.9
L.0 2.5 2.5 4.0 6.0
8.0 5.0 2.5 5.0 9.0

A15.4  Three-mm-Size Test Specimens - Y values are in % in 2";

X b4 X b4 X

2.5 1.5 5.0 4.5 3.0

8.5 3.5 4.0 5.0 6.0 Y = 4.7
11.0 k.o 2.0 7.5 3.0

Al5.5 Four-mm-Size Test Specimens = Y values are in % in 2";

X 4 z
5.0
5.0

. Y = 3.5
5.5

OO0
N -3
O\l

3.
3.
1.

Al5.6  Fivé-mm-Size-and-Larger Test Specimens, Averaging 6.7 mm
Y values are in % in 2";

Y (Smm) Y (6mm) Y (7mm) Y (9mm) Y (1Ovm)

3.5 2.5 5.0 1.0 2.0
3.0 2.0 2.0 1.5

2.0 3.5 3.5 _

5.0 1.5 Y=2.5

WADD TR 60-~450 258
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A16. MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: GAS HOLES - 0.2"-
THICK MATERTAL

A16.1 Control Test Specimens {no defects)~Y values are in 106 psi:

Y Y X X X X

2g.1 28.4 20.5 31.6 29.9 29.5

28.6 31.2 28.3 31.8 30 .4

27.7 29.8 2h.2 %0.1 30.0

26.2 28.5 30.3 30.4 30.1 _

28.5 29.6 28.4 29.2 31.5 Y = 29.5

22,1 27.4 £9.6 28.0 20.2

28.9 28.8 30.7 28.8 30.7

29.3% 27.2 28.7 26.2 2G.7

29.2 28.7 29.2 30.3 29.5

A16.2  Qne-mm-Size Test Specimens - Y values are in 106 psi:

X z X x X
31,7 30.7 32,0 27.8 30.5 B
28.1 30.h4 30.5 29.1 28.3 Y = 29.9

Al6.3 Two-mm~Size Test Specimens - Y values are in 106 psi:

Y Y Y Y Y Y
284 30.8 27.2 29.7 287 27.2
30.9 7.2 29.1 30.3 29.3% 29.2
28.5 26.4 29.0 28.7 29.3

28.9 26.9 29.2 30.0 29.2 Y — 28.8

Al6.4  Three-mm-Size Test Specimens ~ Y values are in 106 psi:

Y Y Y Y Y Y
26.5 29. 4 27.1 27.0 27.5 29.1
27.7 28.5 28.8 30.4 29.0
28.7 o8.4 28.8 28.4 28.7 Y = 28.4

Al6.5 Four~-mm-Size Test Specimens - Y values are in 106 psi:

X X X pd
31.8 29.7 28.7 32.7
29,2 28.1 29.4 28.1 Y =28.8
2L.6 29.3 28.5

A16.6 Flve-mm-Size-and-Lgrger Test Specimens, Averaging 6.1 mm -
Y values are in 10" psi:

Y (Sum) Y (6um) Y (Tom) Y (9om) Y (10mm)

27.5 22.6 19.9 28.1 29.k
2.9 26.7 27.8 26.8
31.5 27.7 28.7 29.6
51.3 28.2

2h.6 Y = 27.5

WADD TR 60-450 ' 259
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AlT. TENSILE~YIELD TEST DATA - IMPERFECTION: INCLUSIONS - O.2"-THICK
MATERTAL

Al7.L

AlT.2

Al7.3

AlT.4

A17.5

Control Test Specimens (no defects):

Data for control test specimens was presented in para-
graph Al3.1.

One~-mm-Size Test Specimens - Y values are in ksi:

X Y
151.5 5.7
544 1447 Y = 148.9

Two-mm-S3ize Test Specimens - Y values are in ksi:

X 4 X Y Y
7.5 15h.5 1414 152.F  150.3
156.6 155.2 139.0 155.2 _

149.7  139.5 158.3 155.2 Y = 150.h4

Three-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y
147.3  156.7 14¥3.4  138.5
141.5  1k3.6  14h.0  139.7 Y = 1k5.6
1541  145.2 154.p2

Four-mm-Size Test Specimens - ¥ values are in kgi:

A17.6

Y Y Y Y Y

W7.2 1414 155.5  14B.2  140.1
7.0 149.9  165.0 1ko.1

7.7 153.0  154.9 1hke kY = 148.3

Five-mm-Size Test Specimens - Y values are in ksi:

ALY.T

Y Y ¥ Y
6.2 15k.0  14E.h 14T.7
155.4 15k.4 1k0.3

156.7 148.0 156.9 Y = 149.6

Six-mm-Size Test Specimens - Y values are in ksi:

WADD TR 60-450

Y Y Y

Y Y
133.8  151.3  1¥1.7  W5.7 1k
k3.5 1k2.1 145.4  1kl.9 Y = 143.3
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A17.8 Seven-mm-Size-and-Larger Test Specimens, Averaging & mm -
Y values are in ksi:

Y (7mm) ¥ (Bmm) Y (10mm) Y (1lmm)

145.1 139.4 151.7 92.5
141.6 118.5

1hh .7

152.0 _

137.4 Y = 133.7

A18. TENSILE-ULTIMATE TEST DATA - IMPERFECTION: INCLUSIONS - 0.2"-
THICK MATERTIAL :

A18.1 Control Test Specimens (no defects):

Data for control test specimens was presented in para-
graph Alb.1.

A18.2  One-mm-Size Test Specimens - ¥ values are in ksi:

Y Y X
188.5 19k.8  190.9 _
199.9  202.5 Y = 195.3

A18.3  Two-mm~Size Test Specimens - Y values are in ksi:

Y Y Y Y Y
17%.5 205.8 191.0 206.6 19%k.4
159.9 196.3 189.0 211.8

200.5 188.7 187.9 207.7 Y = 193.2

418.4 Three-mm-Size Test Specimens - Y values are in ksi:

X X pe b4 X
p02.4  15k.%5 191.9 192.2 179.0
151.2  175.8 187.% 193.7 170.5 _
139.2  212.8 190.0 205.0 Y = 181.8

A18.5 Four~mm-Size Test Specimens - Y values are in ksi:

Y X X Y b4
165.5 203.1 193.5 201.9 180.3
198.3 196.5 180.6 187.5 152.3 _
205.0 213.1 212.4 154.5 Y = 188.9

A18.6 TFive-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y
166.0 170.% 16k.8 178.9
183.1 185.1 183.5
20%.5 186.2 197.0 ¥ = 181.9

WADD TR 60-450 261
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A18.7 gix-mm-Size Test Specimens - Y values are in ksi:

Y Y Y
14L.6  166.5 149.8
173.9 182.3 149.8 Y = 166.0
183.9 182.9 157.7

A18.8  Seven-mm-Size-and-Larger Test Specimens, Averaging 8mm -
Y values are in ksi:

Y (7mm) Y (8mm) Y (10mm)
151.%6 171.8 151.8
161.2 118.5 126.7
137.8 199.1 94.5
185.6

157.2

131.1

162.9

= 1hkg.2

i

Al9.  ELONGATION TEST DATA - IMPERFECTION: INCLUSIONS - 0.2"-THICK
MATERTAL

A19.1 Control Test Specimens (no defects):

Deta for control test specimens was presented in pare-
graph Al15.1.

Al9.2  Qne-mm-Size Test Specimens - Y values are in % in 2":

Y X Y
7.5 11,0 6.0
8.0 7.5 Y = 8.0
Al9.3  Two-mm-Size Test Specimens - Y values are in % in 2"
b X ¥ Y
1.5 3.5 6.5 5.0
1.5 2.0 12.0 7.5
3.5 k.o 7.5 50 Y =5.0

A19.4  Three-mm-Size Test Specimens - Y values are in % in 2":

Y Y X Y X

85 1.5 3.0 5.0 7.5 _

2.5 3.5 3.0 5.0 4.0 Y = 4.0
1.0 4.5 k.o 3.0

Al9.5 Four-mm-Size Test Specimens - Y values are in % in 2";

X Y X X X

250 35 3.5 ko 30

9.5 5.0 4.5 2.5 2.5 Y - 4.0
6.5 4.0 3.5 2.5

WADD TR 60-L450 262
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A19.7

A419.8

APPENDIX A

Five-mm-Size Test Specimens - Y values are in % in 2":

¥ b4 ¥ Y
k. 2.5
3.
3.

\N\h O
B\
o O\
\FE O
O\ O

¥=3.8

Six-mm-Size Test Specimens - Y values are in % in 2":

b4 X
1.5 2.0
5.0 5.0
3.0 4.0

X
1.0 _
1.5 Y =2.9

Seven-mm-Size-and-Larger Test Specimens, Averaging 7.5 mm -
Y values are in % in 2";

Y (7mm) Y (8mm) Y (iOmm)
2.5 2.5 2.0
3.0 3.0
0.5 3.0
3.0
1.5 ~
1.0 Y =2.2
2.0

A20.  MODULUS-OF~-ELASTICITY TEST DATA - IMPERFECTION: INCLUSIONS - 0.2"-
THICK MATERIAL

A20.1

A20.2

A20.3

A20. 4

WADD TR 60-450

Control Test Specimens (no defects):

Data for control test specimens wes presented in para-
graph Al6.1.

One-mm-Size Test Speclmen « Y values are in 106 psi:

Y b4
28.6 29.5
26.8 28.4 ¥ = 28.3

Two-mm-Size Test Specimens - Y values are in 106 psi:

Y Y X Y Y
28.1 30.7 28.5 28.6 30.3
28.6 29,2 28.8 31.6 _

29.2 29.7 28.4 31.8 Y = 29.5

Three-mm-Size Test Specimens - Y values &re in 106 psi:

Y Y Y Y Y
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A20.5 Four-mm-Size Test Specimens - Y values are in 106 psi:

Y Y Y Y Y

30.4 30.2 30.2 31.8 26.4

29.6 30.0 29.8 31.7 29.3 _

30.4 30.8 30.4 28.5 Y = 30.0
6

A20.6 Five-mm-Size Test Specimens - Y values are in 10° psi:

X X 1 X
31.% 30.3 29.5 21.0
31.5 26.4 27.9 _

31.7 28.2 27.0 Y = 29.2

<

A20.7 Six-mm~Size Test Specimens - Y values are in 106 psi:

Y Y Y
28,6 30.4 28.3

26.2 28.5 27.3 Y = 28.8
31.5 29.5 28.6

420.8  Seven-mm-Size-snd-Larger Test Specimens, Averaging 7.5 mm -
Y valueg are in 10° psi;

Y (7wm) ¥ (8mm) Y (10mm)
29.2 30.6 28.4
26.8 26.3

28.7 31.3 _

29.1 Y = 28.5
29.1

27.3

27.2

A21.  TENSILE-YIELD TEST DATA -~ IMPERFECTION: PQROSITY - 0.2"-THICK
MATERTAL

A21.1 Control Test Specimens (no defects) -

Data for control test specimens was presented in para-
graph Al3.1.

A21.2 Intensity-1 Test Specimens - Y velues are in ksi:

X Y Y Y Y Y Y

41,5 1k2.7  12k.7 15k.5  14R.s 14B.2 1475
k0.4 149.6 1b3.9 151.2 157.7 168.5

139.6 145.8 153.9 157.5 15k.1 153.h4

1%0.4  15k.4 138.5  154.7  143.9  150.4 Y - 147.2
140.6  152.0 139.9 153.4 144 139.9

127.2  146.8 - 157.7 159.3 156.9 137.0

145.3  126.1  162.9  141.0 144.6  139.9

143.6  1hs.2 1544 141.5  1hko.k 153.7

WADD TR 60-450 264
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A21.3 Intensity-2 Test Specimens - Y values are in ksi:

Y Y Y
166.2  145.5 15L.5  1k9.0
139.5 14k.5  156.2  132.5
k1.4 159.2  152.3  145.9
14k.5  149.0 164.6  1L5.6
140.8  154.7  148.6  141.0 Y = 149.3
150.3 154.5 1h48.2 151.2

Ol
|+

AP1.4  Intensity-3 Test Specimens - Y values are in ksi:

X I Z X ¥ b4
151.3  145.2  146.4 15%.h 150.9 152.9
149.1 155.1 152.9 152.8  152.%  153.L
132.9  145.9 143.3  154.5  153.7  15l.h4
1k2.2  148.5 153.h  162.2 1h2.7
145.5  145.0 156.4  13k.5  157.8 Y = 149.7
139.3 142.6 153.5 152.7 154.1
140.3 151.1 151.4 15%.6 156.4

A21.5 Intensity-4 Test Specimens - Y values are in ksi:

4 X X X Y Y
130.2 1¥2.7 1494k 152.7 14k.o  142.2
142.5  1h42.1 153.1 152.6  14kL.7
138.6 153.1 154.5 152.2 152.4
146.5  152.1  151.9 152.3 144,09 Y = 149.1
153.%3 149.7 152.6 151.5 154.2
149.9 154.7 153.9 154.5 152.6

A21.6 Intensity-5 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y
131.2 148.5 15k.5 153.3 156.1 163.6
128.4  152.6 152.5 1h43.9 153.0 1Lk9.h
148.3 150.3 151.9 142.0 15k.2

7.6 154.9  153.0 153.0 151.6 Y = 149.7

A21.7 Intenslty-6 Test Specimens - Y values are in ksi:

b4 I 1
150.1 153.2 141.5
150.6 153.5 156.1 Y = 150.8
152.5  152.7 146.6

WADD TR 60=-450
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A21..8 Intensity-7 and-Higher Test Specimens, Averaging 7.3 -
Y values are in ksi:

Y (Intensity-7) Y {Intensity-8)

14278 141.6
143.6 42,2
150.4 153%.6
150.4

151.6 _

54,2 Y = 148.5
5.7

ARz, TENSILE-ULTIMATE TEST DATA-TMPERFECTION: PORCSITY - C©.2"-
THICK MATERIAL

AP2.1  Control Test Specimens (no defects) -

Data for control test specimens was presented in para-
graph Alk.1.

AP2.2 Intensity~1l Test Speclmens ~ Y values are in ksi:

Y Y ¥ Y Y Y Y
189.1 189.0 16I.3 200.5 19%.6 190.1 1¢5.5
94,1 203.2 179.1 207.9 197.5 195.5
187.5  190.4  198.8 173.1  189.1 203.9
191.2  199.9 187.7 219.8 192.5 185.8
182.6 20%3.0 186. 186.1  190.1  179.8 Y = 191.5
185.2  199.8 197.3 19k.5 216.6  180.4
9h.k  167.5 178.5 185.9 188.5 193.0
188.4h 193.5 20%.2  1g2.1  187.6 195.0
AP2.3 Intensity-2 Test Specimens - Y values are 1n ksi:
¥ Y Y Y ¥
192.1  18L.1  195.5 1g8.1  17k.2
180.6 166.1 187.5 196.0 168B.2
187.8  124h.2  207.1  203.9 186.3% Y - 184.9

84,1 191.4  180.7 176.9  187.8
176.1 188.6 20hk.5 179.1 196.9
198.8 200.0 189.9 156.3

A2 L Intensity-3 Test Speclmens - Y values are in ksi:

Y ¥ Y Y Y Y Y
157.9  179.6  19k.6 183.6 199.2 18G.h  187.1
162.0 176.5 201.4  191.6 172.7 183.2  202.9
179.%  192.3  184.k  201.8 189.8 211.9 161.9
8.8 193.0 168.6 197.5 182.5 156.3
181.4  199.1 186.2 198.0 185.0 1kk.5 Y — 184.1
185.1  186.0 205.9 183.1 180.7 165.7

WADD TR 60-450
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A22.6

AP2.7Y

A22.8

APPENDIX

Intensity-4 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y

17k.0  172.%  190.2  202.%  187.7 182.2

172.6  153.2 198.6 188.7 159.9 1lhe.2

181.0 211.3 183.5 17h.5  157.7

183.9  194.3  204.5  172.9 161.9 Y = 180.6

184k.7 1%k.5  199.9 197.7 149.6

175.5 1844 178.5  204.8 158.7

Intensity~5 Test Specimens - Y values are in ksi;
Y Y Y Y Y

169.8 206.8 1gk.7 161.7 178.6

160.86  185.1  177.8 165.0 1k5.6

152.7  191.1  L176.7 155.7 197.1 ¥ = 170.0

162.1  178.9  143.9  145.9  14o.h

187.7  162.4  160.2  17i.4 129.5

Intensity-6 Test Specimens - Y values are in ksi:
p X X Y X

112.5 18%.0 172.4% 165.0 179.9

176.3 190.2 179.5 140.6 142.3 ¥ = 165.3

187.1  177.1 143.6 136.0

Intensity-7 and Higher Test Specimens, Averaging 7.3 -
Y values are In ksi:

Y (Intensity 7) ¥ (Intensity 7) Y (Intensity 8)

1577 18h.2 163.8

180.2 2.9 161.0

170.9 160.9 196.1

170.3 137.5 108.2

195.3 146.3 Y = 161.8

ARS, EIONGATION TEST DATA - IMPERFECTION: POROSITY - 0.2"-THICK

MATERTAL
A23.1 Control Test Specimens (no defects)

AR3 .2

WADD TR 60-L450

Data for control test speclmens was presented in para-
graph Al5.1.

Intensity-1 Test Specimens - Y values are in % in 2":

X X b Y X
3.0 3.0 5.0 3.0 k.0
4.5 8.0 3.5 k.o 2.5
9.0 6.0 6.5 2.0 2.5
k.o k.5 5.0 1.8 k.5
7.0 h.o 7.5 4.0 h.0
2.0 3.5 2.5 2.5 4.5
3.0 7.0 6.5 2.5 2.5
8.0 3.0 2.5 2.5 3.0
9.0 1.5 3.5 5.0 —
6.0 5.0 2.5 5.0 Y = 4.3
267
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Intensity~2 Test Specimens - Y values are in % in 2":

A23.3
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A2k, MODULUS-CF-ELASTICITY TEST DATA-IMPERFECTION:
THICK MATERTAL

ARh .1

ARL 2

A2l .3

A2kl

WADD TR 60-450

APPENDIX A

Intensity-7-and-Higher Test Specimens, Averaging 7.3 -

Y values in % in 2":

Intensity-7)

Intensity-7)

Intensity-8)

Y (
3.0
2.5
2.0
2.5
0

¥

2.
1.
2.
2.

C O\ g~

Y (
3.0
2.5
1.5

Control Test Specimens (no defects) -

Y =24

POROSITY - 0.2"-~

Data for control test specimens was presented in A16.1.

Intenslty-]l Test Specimens - Y values are in 106 psi:

Y
285
28.2
31.5
28.4
£29.1
28.9
30.3

28.5

29.2

29.2

Y
29.0
26.8
30.0
£29.0
25.6
27.5
23,7
28.2
30.3
27.6

X
29.0
30.3
29.2
27.8
29.0
%1.8
30.3
35.0
27.7
27.8

Y
27.8
30.0
29.8
27.9
22.0
29.2
28.9
31.9
30.0
31.3

Intensity-2 Test Specimens -

X
o7.7
26.8
28.9
28.8
25.6
24.5
27.9

i

- 1

LovE oo ol

.

MMM NN R
OO WONO N\

Y
29.6
29.2
28.3
28.4

28.3

28.3
28.4

Y
28,6
28.9
32.4
30.0
29.0
28.0
29.4

Intenslity~3 Test Specimens =~

Y
27.6
27.4
30.6
28.6
28.5
28.9
29.0
26.2

Y
26.3
28.6
30.4
28.7
28.7
29.2
28.6
28.6

Y
28,6
30.1
30.8
30.4
29.5
29.9
28.3
31.6

X
31,1
30.8
30.5
29,8
29.8
29.2
27.0
31.5
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Y
29.7
35.5
30.2
28.2
30.0
30.7
30.2
30.0
31.5

il

1

Y values are in 106 psi:

X
29.2

Y =

28.5

Y values are in 106 psi:

Y
35,1
27.8
30.2
30.8
26.0
30.8
29.4

|
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A2L.5  TIntensity-4 Test Specimens ~ Y values are in 106 psi:

Y Y Y

7 28.3 31.5 28.9 28.9
26.6 29.9 28.4 26.2 26.6 29.6
28.7 31.0 28.3 29,0 30.2

29.3% 25.9 29.8 26.8 30.0

27.7 29.0 28.2 2L.8 29.4 Y = 28.7
28.2 29.2 30.7 28.9 29.5

6

A2k .6 Intensity-5 Test Specimens - Y values are in 10° psi:
X X I X X
29.3 29.5 29.5 29.0 28.4
27.8 %0.3 28.2 28.4 27.8
29.3 29.0  31.4  29.4 2.8 Y =29.0
30.5 27.8 26.0 28.6 28.1
27. 4 27.0 30.7 29.0 31.1

AdL T Intensity-6 Test Specimens -~ Y values ere in 106 psi:

X b4 X X b4
o7 30.0 32.4 29.0 28.6
28.4 28.8 29.0 28.8
28.4 29.0 28.8 27.7 Y = 28.7

A24.8  Intensity-7-and-Higher Test Specimens, Averaging 7.3 -
Y values are in 10° psi:

Y (Intensity-7) Y (Intemsity-7) Y (Intensity-8)

31.0 29.2 254.8

30.2 27.5 27.0

28.6 28.3 29.6 Y = 28.9
30.3 30.7 28.4

30.5 29.2

WADD TR 60-450
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A25.  TENSILE-YIELD TEST DATA - IMPERFECTION:

MATERIAL
A25.1 (Control Test Specimens (no defects) - Y values are in ksi:
X h4 X X X h X
152.0 1h1.6 139.0 155.2 149.2  147.3  141.0
3.1 143.7  152,9 135.2  147.4  138.3  145.3
153.9 1ik1.1  140.7 148.2 138.9 133.6 137.8
137.1  142.5 150.1 160.1 138.7 145.2 141.9
133.7 1h4.7  1%0.9 157.6 143.4 14,8 1434
5.0 137.3  143.3 0 145.2 0 1434 151.8  1h2.3
152.0 1k1.3  14h.9 k5.2 k2.7 1k2.6 14k4.1
2.7  136.7 159.9 140.7 149.7 1bh7.2
148.2  1b2.2  136.2  1h3.1 1h41.7  153.8
135.2 13,3 147.5  148.2 133.5  3hT.4 Y = 144.3
A25.2  QOne-mm-Size Test Specimens - Y values are in ksi:
X Y Y Y Y
3.0 147.8  142.7 135.2 L8
14,2 148.2  14B.2  143.4 Y = 1he.2
A25.3  Two-mm~Size Test Specimens - Y values are in ksi:
¥ b4 Y ¥ Y P4
6.9 129.5 148.5 1B.0 150.1 1L47.7
6.7  13h.2  1W8.L 145.0 1434
125.8 148.8 152.5 6.7 2.7 ¥ = 142.8
A25.4  Three-mm-Size Test Specimens - Y values are in kgi:
Y X X ¥ X
3.2 14k2.9  145.8  14B.6 143.6
151.5  141.5  146.4  1h9.0 1k2.5 Y = 1b45.3
A25.5 Four-mm-Size Test Specimens - Y values are in ksi:
Y X b Y Y
3.1 147.7 k1.2 2383 W4T
150.7 147.5 139.9 151.8 Y = 144.6
A25.6 Five-mm-Size Test Specimens - Y values are in ksi;

WADD TR 60-450
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GAS HOLES ~ 0.3"-THICK

b4
133.5
155.8

Y

15,2
135.2

I

142.8
1445

272
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145.1

Y = 1hb.4
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A25.7  Six-mm-Size and Larger Test Specimens, Averaging 7.9 mm -
Y values are in ksi:

Y (6mm) Y (7am) Y (8am) Y (Qmm) ¥ ( 10mm)
136.6 154.0 56,0 151.8 150.¢

1%36.8 117.7 137.0 1h5.h
143.3 _
155.5 Y = 14p.2

AC6. TENSTLE-ULTIMATE~TEST DATA - IMPERFECTION: GAS HOLES - 0.3"-
THICK MATERTAL

A26.1 Control Test Specimens (no defects) - Y values are in ksi:

Y Y Y ¥ ¥ Y Y
192.1 180.0 186.7 195.6 20G.3 190.9 191.7
189.2  197.9 196.2 177.9 195.6 188.8 193.0
18h.9  193.3  192.4  187.6 195.7 190.6 180.2
190.9 18k.6 198.5 217.7 204.6 202.4 187.8
182.3 198.4 . 191.6 190.2 183.9  198.5 195.}4
183.2  186.1 192.6 176.% 191.2 185.6 185.9
189.0 189.5 193.4 195.p 178.2  188.8 191.9
188.2  188.5 206.8 191.0 180.9 195.4

193.0 189.6 180.9 19%.7 182.5 186.5

187.9 198.2 190.4 202.9 180.1 178.4 ¥ = 190.6

A26.2  One-mm-Size Test Specimens - Y values are in ksi:

X X Y X Y
187.4  179.3 18B.2 187.9 1d8.s _
192.3  191.9 193.0 183.9 Y = 189.2

A26.3 Two-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y Y
189.0 192.6 179.2 190.8 1¢B.1 1 0.9
192.4  194.6 185.2 183.6 191.p

182.6 191.2 180.9 192.4 178.2 T o 187.7

Shre

A26.4  Three-mm-Size Test Specimens - Y values are in ksi:

Y X Y Y Y 4
190.4  191.5 191.8 163.0 181.6 18L.6
193.3 18k.9 187.5 186.5 154.5 Y - 182.6

A26.5 Four-mm-Size Test Specimens - Y values are in ksi;

4 X Y ¥ p
187.0 142.1  160.0 181.9 190.2 3
197.7 191.0 182.7 172.2 186.4 T - 179.1
WADD TR 60-450
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AP6.6  Five-mm-Size Test Specimens - Y values are 1n ksi:

Y Y Y Y
185.5  165.7 16k.3  187.4
167.7 170.7 170.8 Y = 1735.7

AP6.7  Six-mm-Size-and-Larger Test Specimens, Averaging 8.1 mm -
Y values are in ksi:

Y (bom) Y (7om) Y (Bmm) Y (Smm) Y (10mm) Y (12mm)
177.6  139.7 146.8 178.3 169.9 90.6
157.9 137.6 177.2 138.2

191.1 186.9 181.2 181.4 Y = 158.5

A7 ELONGATION TEST DATA - IMPERFECTIONS: GAS HOLES - 0.3"-THICK
MATERIAL

A27.1 Control Test Specimens (no defects) - Y values are in % in 2":

Y Y X X X X X
6.5 1%.0 10.5 5 7.0 10.0 10.0
8.5 2.5 11.0 7.5 7.5 9.0 5.0
3.0 7.5 10.0 2.5 8.0 6.0 k.o

11.C 3.5 7.0 6.0 11.0 5.0 7.0

11.0 9.0 6.0 2.5 2.0 5.0 10.0

10.0 11.5 9.5 3.0 10.0 7.0 12.5

10.5 8.5 11.0 2.5 2.5 7.5  13.0
k.o i2.0 8.5 7.5 10.0 .5
6.0 11.0 1%.0 8.5 6.0 2.5

11.0 4.0 9.0 5.0 5.0 2.0 Y =7.7

A27.2 One-mm-Size Test Specimens - Y values are in % in 2":

5 4,0 11.0 5.0
o] 6.0 0

Y Y Y Y Y
. 3
L.

4o . _
8.5 3, Y = 5.4

A27.3  Two-mm-Size Test Specimens -~ Y values are in % in 2":

Y Y Y Y Y

I

10.0

\JTG\-I‘——I
O C O
G\O-!»‘—‘I
e eRe

10.
1k,
6.

AV ReNe

2.0 s
5.0 10. 10.
h.5 2. Y =65

Voo

A27.4 Ihrée-mm~Size Test Specimens - Y values are in % in 2":

Y Y b ¥ b ¥
7.5 5.0 3.5
2.5 2.5

5]
I
N
0

2.5
1.5

WADD TR 60-450
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APT.6

AZT7.7

APPENDIX A

Four-mm~Size Test Specimens - Y values are in % in 2";

Y Y Y Y

7.5 1.5 570 1.5
k.o 3.0 2.5 3.5

Y

.o
3.5

Y = 3.3

Five-mm-Size Test Specimens - Y velues are in % in 2":

Y X X X
5.0 1.5 2. 370
2.5 k.o 2

0
)

Y = 2.

S

Six-mm-Size-and-Larger Test Specimens, averaging 8.1 mm -~

Y values are in ¢ in 2;

Y (6bmm) ¥ (7mm) Y (Smm) ¥ (9mm) Y (10mm) Y { 12mm)
6.5 2.0 2.0 2.5 2.5 1.5
2.5 1.5 .5 2.0
2.0 2.5 k.0 3.0
1.5 2.5 Y =2.7

A28, MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: GAS HOLES -
0.3"-THICK MATERIAL

A28.1

A28.2

A28.3

WADD TR 60-450

Control Test Specimens (no defects) - Y

Y X X ¥
27.5 30.5 28,9 26.3
28.3 30.5 27.3 29.8
28.3 29.2 28.4 3.5
31.2 31.9 26.8 29.0
26.3 29,6 27.7 31.0
23.7 30.1 7.5 29.3
26.4 28.6 22.6 28.2
28.2 29.9 25.0 27.2
27.2 06.3 28.2 28.6
32.0 28.2 24 .5 29.9

One-mm-Size Test Specimens -

X 4 X !
27.1 31.4 28.2 32.0
22.6 27.8 27.2 29.3

Y
30.2
30.1
30.6
30.5
29.3
29.8
27.h
£9.2
27.6
26.5

values are in 100 psi:

Y Y
29.3 29.1
27.8 29.7
29.0 28.6
28.1 30.3
29.7 28.7
29.0 29.2
28.2 28.0
27.9  _
29.7 Y = 28.6
30.2

Y values are in 106 psi:

Y
29.7

Y = 28.4

Two-mm-5ize Test Specimens - Y values are in 106 psi:

Y Y b4 X
27.3 27.0 31.0 31.1
27.3 32,3 30.8 23,7
28.0 28.0 30.6 27.3

275
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29.8
27.4
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A28.4 Three-mm-Size Test Specimens - Y values are in 109 psi:

X Y X ¥ Y X
24.8 29.0 29.5 285 29.5 31.9

28.1  30.7 26.9 28.8 29.6 - 28.8

o ra

A28.5  Four-mm-Size Test Specimens - Y values are in 10~ psi:

X I 24 X X
25.7 29.0 32.6 30.9 27.5 _
31.0 29.0 27.7 29.2 33.2 Y = 29.4

A28.6  Five-mm-Size Test Specimens - Y values are in 10° psi:

E4 Y b4 X
29.4 26.7 29.8 30.9
29.5 27.6 32.2 Y = 29.4

A28.7  Six-mm-Size-and-Layger Test Specimens, Averaging 8.1 -
Y values are in 10Y psi:

Y (bmm) Y (7om) Y (8mm) Y (9mm) Y (10mm) Y (12mm)

26.4 31.2 30,2 Z2.1 28.7 25.8

25.9 29.3 28.9 26.6

31.4 28.7 29.6 30.8 Y = 28.8
26.6 28.8

AR9. TENSILE-YIELD TEST DATA - IMPERFECTION: INCLUSICNS - 0.3"-
THICK MATERTAT

A29.1 Control Test Specimens (no defects) -

Data for control test specimens was presented in para-
graph AZ25.1.

ARG.2 One-mm-S3ize Test Specimens - Y values are in ksi:

Y b X
140.7  152.6  151.9
7.4 1h7.h o k.2 Y = 147.h4

A2G.3 Two-mm~Size Test Specimens - Y values are in ksi:

Y Y ¥ X Y

153.8 139.3 146.2 149.1 14k.9
I47.2  155.4  139.2  151.2  159.9
132.6 150.0 149.0 146.9 1h9.2
149.2  1hk9.9  150.0 140.9  147.4
139.2 1h6.0 150.8 143.3 151.8

1h7.3

|
I

WADD TR 60-450
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A29.4  Three-mm-Size Test Specimens - Y values are in ksi;

Y Y Y Y Y

140.1  147.6 151.2  152.9 143.7

141.3  146.5 1hk.2  146.8  136.0

k7.5 141.9  1bh.7  149.0  1ko.7

152.9 1448  145.3 147.9 1L47.4

153.4 145.8 149.7 151.1 145.3 ¥ - 146.3

A29.5 Four-mm-Size Test Specimens ~ Y values are in ksi:

X Y Y Y Y

1.7 157.3  152.6  147.8  14T.7

138.5 148.9 14k.1  156.2

3.2 8.7 145.0  145.2 T - 146.8

k.5 1484 1466 145.2

A29.6  Five-mm-Size Test Specimens - Y values are in ksi:

X X ¥ X X b4
141.1  150.0 138.8 140.2  14T.h  14T.9
148.0 143.9 1k7.5 137.6 148.8
148.2 137.0 155.9 14k.5  137.8 T = 14h4.3

ARG, Six-mm-Size Test Specimens - ¥ values are in ksi:

X b X Y Y X
135.7  141.9  153.9 139.3 148.8 143.1 _
139.9  147.8 157.6 145.2 149,22  145.p Y = 145.5

A29.8 Seven-mm-Size Test Specimens - Y values are in ksi:

Y X X
13h.9  1k2.h 155.8
5.2 1kk.0 Y = 14h.4

A29.9  Eight-mm-Size-and-Larger Test Speclimens, Averaging 10.0 mm -
Y values are in ksi:

Y (Smm) Y (10mm) Y (12mm)
115.6 115.9 1284 _
137.5 118.8 92.6 Y = 123.9

A30, TENSILE-ULTIMATE TEST DATA - IMPERFECTION: INCLUSIONS - 0.5"-
THICK MATERTAL

A30.1 Control Test Specimens (no defects):

Data for control test specimens wes presented in para-
graph A26.1.

WADD TR 60-450
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A30.2

A30.3

A30.k4

A30.5

A30.6

A50.7

WADD TR 60-450
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One-mm-Size Test Specimens - ¥ values are in ksi:

Y Y Y
179.3 196.9 19k.6
185.6 200.0 195.0 Y = 191.9

Pwo-mm-3ize Test Specimens - Y values are in ksi:

¥ ¥ X X ¥

16k.9  202.3 199.9 195.1 200.3

180.8 20k.9  199.1 191.6 195.6

181.6 206.1 187.9 192.6 185.6

186.3 204k.4L  200.9 193.4h 195.4

215.3 170.8 203.6 206.8 186.5 Y = 16k.1

Three~-mm-3ize Test Specimens - ¥ values are in ksi:

I X ¥ B4 X X

181.7  197.3  197.5  141.7  199.1 178.4
184k.6 194k.7 186.9 1$5.4  205.9 193.0

192.2  195.5 167.7 173.1  197.9
208.0 189.3 191.9 192.7 180.9 Y = 190.2
208.7 190.5 194%.8 205.1 191.0

Four-mm-Size Test Specimens - Y values are in ksi:,

Y Y Y Y Y
185.4  215.1 196.6 190.6 190.1
182.7 185.9 159.1 195.6
186.7 187.2 185.3 176.4 Y = 188.5
186.3 201.9 186.5 195.2

Five-mm-Size Test Specimens - Y values are in ksi:

X I Y T X Y
17i.4 191.2 18%5.4 180.1 197.8 187.8
186.6 178.8 186.8 16k4.5 198.8
197.2  175.1 175.4 190.6 180.2 Y = 184.1

Six-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y Y

161.0 160.6 18I.1 155.8 165.4
188.4 208.1 182.6 189.8

166.3 191.7 161.4 181.1 Y = 176.4
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Seven-mm-3ize Test Specimens - Y values are in ksi:
X X B4 b4

i20.6 182.1 115.2 135.9 _

141.8  184%.6 180.8 179.0 ¥ = 155.0

BEight-mm-Size-and-Larger Test Specimens, Averaging 9.5 mm -

Y values are in ksi:

Y (Bmom) Y (10mm) Y (12m)

115.3 ez 161.1
63.4 124.0 96.3
174.9 _
170.6 Y = 131.0
ETONGATION TEST DATA - IMPERFECTION: INCLUSIONS - 0.3"-THICK
MATERTAT,
A51.1 Control Test Specimens (no defects) -

A31.2

A31.3

A31.4

A31.5

Data for control test speclmens was presented in A27.1.

One-mm-Size Test Specimens - Y values are in 4 in 2":

X Y Y

3.5 7.5 3.0 _
4.0 5.0 6.0 Y = 4.8

Two-mm-Size Test Specimens - Y values are in % im 2";

Y Y Y Y Y Y
2.5 10.0 8.0 Lo 7.0 o
2.5 5.5 75 6.0 7.5 7.5
11.0 5.0 3.0 9.5 7.0 2.0
4.0 5.5 4.5 11.0 4.5 5.0 _
6.0 2.0 8.0 8.5 2.5 Y = 6.2

Three-mm-Size Test Specimens - Y values are in % in 2"

¥ X by ¥ X h
) 0.5 4.0 2.0 5.0 2.0
10.0 k.o 2.0 5.0 6.0 5.0
4.0 7.5 3.0 2.5 12.5

4.5 3.5 k.o .0 1k.0 Y =5.2
5.0 3.0 5.0 7.0 7.5

Four-mm-Size Test Specimens - Y values are in % in 2":

Y X X X Y Y

4.5 3.5 1.5 2.0 2.5 370
5.5 6.0 5.0 1.5 4.5 _

3.5 3.5 4.0 2.0 3.0 Y = 3.5
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A31.6 Five-mm-Size Test Specimens - Y values are in % in 2":

Y X 1 X X h4
2.5 4.5 2.5 2.5 k.5 7.0
3.0 1.5 2.0 3.0 5.0 _

4.0 1.5 2.5 5.0 4,0 Y = 3.4

A31.7 Six-mm-Size Test Specimens - Y values are in % in 2"

X p4 X X b4 X
3.2 3.5 5.0 k.o 2.2 3.0 _
5.0 1.5 3.0 2.0 3.0 5.0 Y = 3.5

A31.8 Seven-mm-Size Test Specimens - ¥ values are in % in 2":

t x X b4

3.0 3.5 3.0 2.0 _

2.0 2.5 1.0 Y =2.4

431.9 Eight-mm-Size-and-Larger Test Specimens, Averaging .5 mm -
Y values are in % in 2":

Y (8mm) ¥ (10mm) ¥ (12mm)

1.5 2.0 1.0

1.5 2.0 2.0

2.5 _

3.0 Y- 1.9

A32.  MODULUS-QF-ELASTICITY TEST DATA - IMPERFECTION: INCLUSIONS -
0.3"~-THICK MATERTAL

A32.1 Control Test Specimens (no defects) -

Data for control test specimens was presented in para-
graph A28.1.

A32.2 One-mm-Size Test Specimens - Y values are in 106 psi:

X Y Y
29.6 29.0 28,7 _
25.7 27.8 28.7 Y = 28.3

A3%2.3 Two-mm-31ize Test Specimens - Y values are in 106 psi:

ne
(o]
Mo
N
o
=
Mo
@
=
o
o
O
[3%]
__‘]
\O
|

28.6
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A32. 4 Three-mm-Size Test Specimens - Y values are in 106 psi:

Y Y Y by Y
28.5 27.8 2G4 2878 30.5
31.6 30.4 26.7 28.4 28.2
30.% 29,2 28.7 25.8 27.2
28.9 31.5 29.8 29.4 30.2 Y = 29.3

A32.5 Four-mm-Size Test Specimens - Y values are in 106 psi:

4 X p4 X X s
28.8 29.1 ° 27.4 31.2 29.0 28,z
28.8 29.8 29.3 29.9 26.% 29,7
30.0 27.8 28.9 28.4 29,3 Y =28.9

A32.6  Five-mm-Size Test Specimens - ¥ values are in 10 psi:

-

Y Y Y Y Y
28,2 29.9 31.0 28.2 31.6 30.3
30.2 27.5 27.9 28.5 30.4

28.6 29.2 27.8 32.9 28.6 Y = 29.4

A32.7  8ixX-mm~Size Test Specimens - Y values are in lO6 psi:

Y Y Y Y Y
27.9 27.8 o877 26.65 33.0
30.6 30.2 29.0 28.8
29.6 29.5 29.8 32.9 Y = 29.6

AZ2.8 Seven-mm-Size Test Specimens - Y values are in 106 psi:

h Y X X
27.9 29.3 28.3 27.8 _
Z0.0 8.9 27.4 28.9 Y = 28.7

A32.9 Eight-mm-Size-and-Larger Tegt Specimens, Averaging 9.5 -
2

Y values are in 10° psi:

Y (8mm) Y (1O0mm) Y (12mm)

8. 27.7 27.3

31.7 27.8 28.3

27.8 -

27.6 Y = 28.3

A3, TENSIIE-YTELD TEST DATA - IMPERFECTION: POROSITY - 0.3"~
THICK MATERTAL

A33.1  Control Test Specimens (no defects) -

Data for control test specimens was presented in para-
graph A25.1,

WADD TR 60-450
281



APPENDIX A

A33.2 Intensity-1 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y

15%.2  143.6 142.9 145.2  156.7  14L.5
152.0  1b5.6  131.6 154.8  1h6.6  155.1
145.3 16,6 139.6  155.3 the.7  148.9
139.2  138.2 146.0 150.9 140.9 142.3
139.0  137.2 1hke.1 150.0 1h47.3  146.3
137.5  140.7 145.2  143.4 0 1.3 138.3
130.2  141.3  139.5 149.3  1ko.L 135.3
135.%  140.8 1k3.1  149.8 146.9 133.5
136.1  1kk.0 139.8 1k0.1 151.9 156.6
13%.7  139.5 138.8 117.4  143.0 145.h4
1zk.1 141.2 150.9 147.3 146.8  150.7
157.1  140.1 139.5 15k.9  160.4  145.9
141.6  1%39.1  135.7 149.1 150.2  1ki.7 Y = 143.9
151.5 1k3.2 16,1 153.3  1h6.2 1hh.h

A3%.3 Tntensity-2 Test Specimens - Y values are in ksi:

Y ¥ Y Y Y Y
152.9 1%36.4  135.1  156.7 143.0 1Tk
152.7 133.7 1k0.3  14k.3 16k 145.1
151.5 135.7 1ke.3  135.F 1hk.2
154.%  136.1 140.9 152.5 152.6 Y = 1hL.3

A33 .4 Intensity-3 Test Specimens - Y values are in kei:

Y ¥ Y Y Y
151.7 140.9 141.9 14B.3  143.5
49,9 133.8  134.5 14k.5  150.6
9.2 151.7  1k9.3 147.7 Y = 145.5

A33.5 TIntensity-4 Test Specimens -~ Y values are in ksi:

X X p4
WG.8  137.7 155.4
1342 145.6  145.0 Y = 1h5.2

A33.6  Intensity-5-and-Higher Test Specimens, Averaging 5.2 -
Y values are in ksi:

Y (Intensity 5) Y (Intensity 6)
15G.2 1%6.0

1452 _

152.8 Y = 1h42.1
137.6

140.9

WADD TR 60-450
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A3h, TENSILE-ULTIMATE TEST DATA - IMPERFECTION: POROSITY - 0.3"-
THICK MATERTAL

A34.1  Control Test Specimens (no defects)

Data for control test specimens was pregented in para-
graph A26.1.

A34.2  Intensity-1 Test Specimens - Y values are in ksi:

Y Y Y ¥ Y Y
182.4  19L.k  175.9 ig0.h  205.0 175.
176.7 18g.2 182.0 181.3 178.6 191.
156.1 199.5 175.2 173.5 193.5  167.
182.8 175.5 187.0 186.2 187.2  189.
178.%  188.0 173.3 175.9 188.4  188.
178.2  179.2 182.7 1g9k.9 187.1  186.
166.0 188.4 186.4 196.1 193.2  178.
168.2  189.9 169.9 198.7 197.7 166.
170.1 196.5 189.0 196.6 187.9 166.
16k.5 182.7 181.6 173.3 189.2 178.
64,7 174.9  190.6 197.1 189.9  191.
179.9 182.1 196.3 179.6 190.7 190.
187.0 167.4  178.3 190.1 168.4 190.

OF O —1 WD H\N OUIW O~ &

198.6 170.9 189.9 191.2 19k.6 182. Y = 183.5
A34.3  Intensity-2 Test Specimens - Y values are in ksi:
Y b4 X Y Y Y
170.8 148.0 150.0 180.1 176.8 180.3
180.3 158.8 190.6 191i.2 173.1 160.6
18h.1  162.4  176.8 172.8 173.3 180.0
166.1 160.0 164.8 177.%  179.7 Y = 172.1

A3h.4  Intensity-3 Test Specimens - Y values are in ksi:

Y Y Y Y Y

170.3 18%k.9 189.3 169.6 158.2

162.5 150.0 179.2 181.4 178.7

161.k  183.2 159.9 167.3 180.5 Y = 171.8

A34.5  Intensity-4 Test Specimens - Y values are in ksi:

Y I Y X
180.8 173.6 116.7 156.2
159.5 186.2 173.8 ¥ = 163.9

WADD TR 60-450
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A34.6  Intensity-5 and Higher Test Specimens, Averaging 5.9 -
Y values are in ksi:

Y (Intensity 5) Y (Intensity 6)

162.3 186.0
171.7

187.4

157.2 Y = 171.8
664

A35. ELONGATION TEST DATA - IMPERFECTION: POROSITY - 0.3"-THICK
MATERTAL

A35.1  Control Test Specimens (no defects)

Data for control test specimens was presented in para-
graph A27.l.

A35.2  Intensity-1 Test Specimens - Y values are in % in 2";

¥ Y X Y X X
3.0 8.0 5 2.5 2.5 2.5
4.0 8.5 .5 2.5 2.5 2.0
3.0 6.0 L.o 3.0 7.5 2.5
3.0 2.5 2.5 3.0 2.0 4.0
2.5 5.0 5.0 6.5 2.5 2.5
3.5 3.5 L.o k.o L.5 2.5
2.5 L.5 2.5 6.0 2.0 2.5 Y = 3.8
2.5 k.0 10.0 h.5 2.0 2.0
3.0 6.0 L.o 6.5 6.0 2.5
23,0 3.5 3.0 L.o h.s 2.0
2.0 3.5 k.5 1.5 k.5 2.0
5.0 2.5 12.5 2.5 2.0 3.0

10.0 2.5 5.5 1.5 3.0 2.5
5.5 2.5 5.0 3.5 2.5

A35.3  Intensity-2 Test Specimens -~ Y values are in % in 2":

p4 X X Y Y Y

3.0 1.5 2.0 Lo 2.0 2.0
3.0 2.5 7.0 2.5 3.0 5.0
3.5 2.0 3.0 k.0 3.5 _

2.5 2.0 2.5 3.5 2.5 Y = 3.0

A35.4  Intensity-3 Test Specimens - Y values are in % in 2":

Y Y Y Y Y
2.5 L5 §s 2.5 1.5
3.0 2.0 4.5 2.0 L.o Y = 2.9
2.5 3.5 2.5 2.5 2.0

WADD TR 60-450
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A35.5 Intensity-4 Test Specimens - Y values are in ¢ in 2":

x ¥ Y 1
K70 25 25 25 _
2.0 5.0 2.5 Y=3.0

435.6 Intensity-5-and-Higher Test Specimens, Averaging 5.2 -
Y values are in % in 2":

Y {Intensity 5)

Intensity 6)

ol

Y
5.

= 5.5

WD
Unoowuo
<l

A36. MODULUS-OF -ELASTICITY TEST DATA - IMPERFECTION: POROSITY - 0.3"-
TEICK MATERIAL

A36.1 Control test Specimens {no defects) -

Data for control test specimens was presented in para-
graph A28.1.

A36.2 Intensity-1 Test Specimens - Y values are in 106 psi:

Y X I Y Y Y
o84 27.7 o8.2 28.5  29.8 2G.5
27.3 27.0 27.7 28.6 28.4 28.6
5.6 27.0 30.3 29.9 28.8 28.7
30.4 £29.3 28.7 32.1 27.9 29.5
29.1 29.6 28.2 28.1 29.2 30.5
28.3 26.4 28.4 28.8 31.0 30.0
26.4 29.9 28.2 29.2 30.0 32.0
28.8 27.6 27.8 29.8 31.8  29.8
28.9 30.% 31.2 28.8 27.8 29.8
30.1 30.2 28.1 30.3 29.7 27.5
30.8 28.% 28.7 27.6 29.0 30.6
28.3 29.9 28.7 30.6 29.0 29.7
28.6 28.3 28.1 29.8 28.7 27.8
27.8 28.5 28.8  31.0 29.2 Y = 29.0

A36.3  Intensity-2 Test Speclmens - Y values are in 106 psi:

X Y ¥ Y X

o
0
H
NS
[#2%
=
[x8)
[w'e]
\J
N
<
N
\N
(@]
\
|
Ii
o
0
\N
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A36. L

A36.5

A36.6

WADD TR 60-450

APPENDTIX

Intensity-3 Test Specimens - Y values are in 100 psi:

Y Y Y Y Y
28.6 28.4 30.7 26.5 30.3
27.5 28.5 31i.7 27.5 28.2
28.0 29.0 29.9 30.3 Y = 28.9

Intensity-4 Test Specimens - Y values are in lO6 psi:

Y Y X X
26.2 29.3 29.5 30.3
29.4 27.5 28.7 Y = 28.7

Intensity~5-and-Higher Test Specimens, Averaging 5.2 - Y

values are in 10° psi:

Y (Intensity 5) Y (Intensity 6)

27.6 26.6
28.k
30.0
29.5
27.9
27.0

|
It
R
L

286
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A3T. TENSILE-YIELD TEST DATA - IMPERFECTION: GAS HOLES - 0.6"-THICK
MATERTAL

A37.1

A3T.2

A3T.5

A3T .4

Control Test Specimens (no defects ) - Y values are in ksi:

Y Y Y Y Y Y
145.2 151.8 148.2  1¥I.7 138.0 142.5
135.2  140.6 141.9 14k.9  141.0  1kh.7
4.9 122 135.0  137.3  137.2  145.1
141.9  134.%  151.8 131.3 135.4  140.k
141.8 1hk9.2  147.0 k2.7 138.4 139.5

abk1.7  1k1.6  154.4 k2 W 137.0 137.3

142.3  149.6 149.1  139.8 138.6 1L4.8
41,1 152.8 1k7.9  138.5 138.3 143.0
148.0 151.1 152.6 145.1 132.7

141.35  149.0  150.5 1k2.7  136.6

155.2 1%2.5 142.7 147.0  13k.9

150.9 150.6 140.7 138.9 1k3.6 Y = 1b3.2

Two-mm-Size Test Specimens - Y values are in ksi:

4 1 X X
142.6 141.9 140.6 142.5
42,1 141.3 138.5 Y = 1414

Three-mm~Size Test Specimens - Y values are in ksi:

X b4 X X Y
140.8  142.2 14G.6  331.3  138.4
45,1 134.4  145.9  1h7.0  1bk.7 Y = 141.7

Four-mm-Size-and-Larger Test Speclmens, Averaging 5.9 mm -

Y values are in ksi:

Y (bom) Y (5mm) Y (6mm) Y (8mm) Y (Qmm)
15207 14g.2 146.5 140.2 1k7.6
140.4 138.6 Y = 143.6

A38. TENSILE-ULTIMATE TEST DATA - IMPERFECTION: GAS HOLES - 0.6"-
THICK MATERIAL

WADD TR 60-450
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A38.1

A38.2

A38.3

A38. k4

A38.5
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Control Test Specimens (no defects) - Y values are in ksi:

¥ Y Y Y ¥ Y
1818 14873 1707 1569 186.8 194.8
188.5 153.8 1k6.6 157.6 171.0 147.6

195.3 131.8 152.% 182.3 173.7 159.5
158.2 16k.2 161.8 160.6 17h.1 192.6
166.9 181.1 189.2 133.7 159.1 161.0
143.6 131.2  137.7  1gl.2  171.8 143.7
159.2  163.6 156.2 170.9 1ik5.7 178.6
191.4 171i.h 0 149.9  194.6 141.5  133.7
148.1  170.2 160.8 147.0 172.7 185.2
152.0 155.8 158.4  147.7 h.2 110.5
k2.4 162.2  193.8  158.1  177.7 149.0
1.7 166.0  162.3  17hk.2  143.9  160.6
16h.6 195.0 160.9 177.5 147.5  139.5
163.0 172.2  15B8.4  169.9 1hk.2  1k42.3
159.8 175.8 176.1 176.2 152.7 193.1
1k0.2 168.2 169.1 172.8 168.0

146.0 153.4  184.1  3150.1  170.6

138.2  178.0 145.1 134.6 162.6 Y = 162.h4

Two-mm-Size Test Specimens - Y values are in ksi:

Y Y Y Y Y
169.2 143.4  140.2 17k.2  143.7
172.0 131.2 146.0 172.8

158.2 163.6 138.2 192.6 Y = 157.%

Three-mm-3ize Test Specimens - Y values are in ksi;

Y X Y Y Y

177.6  171.4 16%.6 169.9 17k.2

149.3 170.2 170.9 176.2 161.0 _

167.3 195.0 177.3 171.0 Y = 171.1

Four-mm-Slze Test Specimens - Y values are in ksi:

Y Y ¥ X I —
166.9 13k.6 186.8 185.2 139.5 Y = 162.6

Five-mm-Size-and-Larger Test Specimens, Averaging 7.2 mm -

Y values are in ksi:

Y (S5mm) Y (6mm) Y (7om) Y (8mm) Y (Omm) Y (10mm)

139.7 181. 15%.8 152.8 14,5 131.8
155.8 136.8 164.0 _

152.7 162.2 Y = 1535.5
140.3
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A39, ELONGATION TEST DATA - IMPERFECTION: GAS HOLES 0.6"-THICK
MATERTAL
A39.1 Control Test Specimens (no defects) - ¥ values are in
% in 2":
b b X ¥ X bs
3.5 2.5 1.5 3.0 3.5 2.0
6.0 2.0 2.5 3.5 3.0 2.5
8.0 2.0 2.0 2.0 3.5 2.5
L.5 3.5 3.0 1.0 3.5 1.0
1.5 2.5 1.0 6.5 z.5 3.0
3.0 4.0 3.5 3.0 1.5 1.5
8.5 2.5 1.5 16.0 3.0 5.0
3.0 3.5 3.0 1.5 3.0 2.5
3.5 3.0 1.5 2.5 L.o 2.0
2.5 2.0 2.5 2.5 1.5 2.0
1.5 3.0 2.0 2.0 1.0 1.5
3.0 3.0 1.5 3.0 2.0 2.0
3.0 1.5 2.0 3.5 2.5 4.0
2.0 1.5 2.0 2.5 3.0
2.0 2.0 3.5 2.0 2.5 _
2.0 1.5 2.5 2.0 2.5 Y=2.9
2.5 3.0 1.5 2.0 6.5
2.5 3.5 2.5 3.5 2.5
A39.2  Two-mm-Size Test Specimens - Y values are in % in 2":
b4 Y by ¥ X by
3.0 2.5 k.o 2.5 2.0 1.0
3.5 2.5 2.0 1.5 3.0 _
k.5 2.5 2.0 2.0 2.5 Y = 2.7
A39.3 Three-mm-Size Test Specimens - Y values are in 4 in 2"
4 Y X b4 X
3.2 2.5 3.0 3.2 3.0 _
2.5 3.5 3.0 2.5 2.5 T = 2.9
2.0 2.0 3.0 3.5
A39.4  Four-mm-Size Test Specimens - Y values are in % in 2":
X I X X X
1.5 2.0 3.5 5.0 1.5 ¥ -2.7
A39.5 _Five-mm-Size-and-Larger Test Specimens, Averaging 7.4 mm -

WADD TR 60-450

Y values are in § in 2™;

Y (Smm) Y (6mm) Y (7mm) Y (8mm) Y (9mm) Y (10mm)
1.5 2.0 2.5 2.0 2.0 2.0
3.0 1.0 1.5 _

2.5 2.0 Y = 1.9
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A4O. MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: CAS HOLES - 0.6"-
THICK MATERTAL

ALO.1 Control Test Specimens (no defects) - Y values are in lO6 psi:

b Y b4 b X X

29.8 28.1 33,1 29.9 24.8 274
30.0 29.3% 30.1 2h.g 30.7 28.3
29.0 30.3 29.6 28.1 28.4 33.3
29.8 30.2 27.8 27.3 £26.3 27.1
27.% 29.6 2.2 29.0 27.2 31.7
27.9 33.5 28.5 28.7 29.9 27.3
28.4 28.3 28.2 26.0 28.3 26.6
28.5 28.2 29.5 27.3 29,0 26.4
28.0 23.9 27.7 25.9 32.5 27,7
29.6 26.0 21.4 26.4 29.6 27.6
29.6 26.2 34.5 27.6 28.9 27.6
29.9 28.9 27.7 25.7 28.4 26.9
30.8 29.5 25.2 27.5 29.0 27.5
27.5 30.1 24.3 26.5 30.5 25.8

32.4 29.8 29.6 26.5 30.6
28.0 2k.5 25.8 26.4 28.9
33,0 30.0 30.8 28.1 29.1 Y = 28.5

A40.2  Two-nm-Size Test Specimens - Y values are in 100 psi:

X X X Y X
28.5 29.6 32.4 28.6 27.8
30.9 29.6 28.0 32.7 33.3 _
29.8 33.5 33.0 26.9 31.7 Y = 30.4

A40.3  Three-mm-Size Test Specimens - Y values are in 100 psi:

X b4 Y Y Y b4
25,5 28,7 o8.2 27.9 281 27.1
26.9 28.3 28.9 27.3 29.0 Y = 27.8

AYO.4  Four-mm-Size Test Specimens - Y values are in 100 psi:

Y Y Y Y Y _
27.3 26.5 6.4 o6 4 26.9 Y = 26.7

AkO.5 Five~-mm-Size-and-Larger Test Specimens, Aversging 7.4 mm -
Y values are In 10- psi:

Y (Smm) Y (bwm) Y (7mm) Y (8mm) Y (9mm) Y (10mm)
25.7 31.0 28,71 27.8 28.9 29.3
23.9 28.2 28.9 _

29.0 26.0 Y 28,5

WADD TR 60-450
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Ahl. TENSILE-YTELD TEST DATA - IMPERFECTION:

MATERTAL

Ab]. 1

Al1.2

Alk1.3

Ah1.L

AL1.5

All.6

Ab1.T

AL1.8

WADD TR 60-450

Control Test Specimens (no defects)

APPENDIX A

INCLUSIONS - 0.6"-THICK

Data for control test specimens was presented in para-
graph A37.1.

Two-pm-Size Test Specimens - Y values are in ksi:

Y
149.7
k1.2

Y

152.8
137.3

Y

3.7
139.8

Y = 143.9

Three-mm~Size Test Specimens - ¥ values are in ksi:

Y
145.2
1h1.h

p4

139.5
149.0

Y

136.0
152.7

Y X
142k 149.0
141.5

Four-mm-Size Test Specimens - ¥ values are in ksi:

|+

13
17

-3

2
b

13
1,

4
5.8
9

¥
145.2
137.5

Y Y

WT.2  152.5
151.1  137.0

I
137.3

Y - 140.6

Five-mm-Size Test Specimens - Y values are in ksi:

Y
1356.8
153.0

Y

136.0
150.6

Y
148.2
144 .9

Six-mm-Size Test Specimens - Y values are in ksi:

X
139.4
L6.9

Y

7.9
1.7

Y

132.7
143.0

Y = 140.9

Seven-mm-3ize Test Specimens - Y values are in ksi:

Y
1%36.6
155.8
150.,0

p4

128.7
136.1
140.2

p4

135.0
151.8
k7.0

Y

Y
15k 138.2

137.7
138.0

¥ - 1k2.9

Eight-mm-Size-and~Larger Test Specimens, Averaging 10.0 mm

- Y values are 1in ksi:

Y (Bom) Y (Smm) Y (10mm) Y gllmmz
128.3 143.1 136.5 138.9
152.3 152.6 142.7 150.9
147.9 b2y k2.7
134.9 139.7 145.1
143.6 43,1

292

Y (12mm)

Y (13mm)

139.1

Y = 140.9
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A2,

TENSILE-ULTIMATE TEST DATA - IMPERFECTION:

THICK MATERTAL

Ale.1

Al2.2

Alp.3

Ao L

=

Al2 .6

A4D .7

WADD TR 60-450

APFENDTX

INCLUSIONS - 0.6"-

Control Test Specimens (no defects):

Data for control test specimens was presented in para-

graph A38.1.

Two-mm-3ize Test Specimens - Y values are in ksi:

X X b4 Y
149.0  145.7 172.2 19K,
197.4 131.2 191.2 158,

6

1 Y= 167.%

Three-mm-Size Test Specimens - Y values are in ksi:

X X I X
175.5 185.1 143.7  147.
191.4k 170.8 160.6  133.
141.2  160.8 1k7.0  166.

Four-mm-Size Test Specimens

X p4 Y Y
155.6  165.4 175.8 13%.
64,5 177.0  1535.4 177,
168.2 155.5 148.3 147

Five.-mm-Size Test Specimens

Y Y Y X
160.1 187.2 146.6 182.
174.3  178.0 152.4 173,
168.7 170.7  137.7 143

-2

-9

O -3

~ Y values are in ksi:

X
7 145.0
7T 160.5 _
Y = 159.1

- Y values are in ksi:

Y
3 14,2
T

Y - 163.1

P

Six-mm-5ize Test Speclmens - Y values are in ksi:

Y 1 Y Y
150.0 130.7 157.6 173.
152.3 189.2 170.6

l —
Y = 160.5

Seven-mm-Size Test Speclmens - Y values are in ksi:

Y Y Y Y
162.0 170.0 156.2 173
190.9 153.1 149.9 162,
107.1  168.9 158.% 172,

Y
.8 17k
3 168.0
1 Y = 162.0
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Eight-mm-3ize Test Specimens -~ Y values are in ksi:

pe X Y I I
139.2  133.4 12B.7 158.h  147.6
163.9 149.6 160.8 194.8 159.5 Y = 153.6

Nine-mm-3ize Test Specimens ~ Y values are in ksi:

b4 Y Y b4 _
146.1 160.9 176.1 145.1 Y = 155.6

Ten-mm=Size Test Specimens - Y values are in ksi:

Y Y Y
126.8 18h.1 1432
162.9  149.1 152.7 Y = 153.1

Eleven-mm-and-Larger Test Specimens, Averaging 13.8 mm -
Y values are in ksi:

Y (1lmm) Y (12mm) Y (13mm)} Y (15mm) Y (20mm)
146.0 159.6 151.1 157.0 135.6

163.0 170.5
181 _
178.6 Y = 159.3
A43.  ELONGATION TEST DATA ~ IMPERFECTION: INCLUSIONS - 0.6'-THICK
MATERTAL
A43.1  Control Test Specimens (no defects)

Ab3.2

al3.3

Al3 .k

WADD TR 60-U450

Data for control test specimens was presented in para-
graph A39.1.

Two-mm-Size Test Specimens ~ Y values are in % in 2":

X ¥ X ¥
4.5 2.5 175 1 .6 _
2.5 1.5 6.5 2.5 Y = k.7

Three-mm~-Size Test Specimens - Y values are in % in 2":

Y = 2.9

X X X s Y

470 1.5 1.5 1.0 2.0

3.0 3.5 1.5 k.o 2.5

2.0 2.5 2.5 1.0 Y = 2.3
. 294
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A43.5 Five-mm-Size Test Specimens - Y values are in % in 2":

Y Y Y Y Y

3.0 3.0 1.5 3.5 2.0
2.5 3.0 2.5 3.0

2.5 3.5 1.0 1.5 Y = 2.5

Ak3.6  Six-mm-Size Test Specimens - Y values are in 4 in 2";

Y X X Y
2.0 3.0 3.0 k.0 _
2.3 3.0 2.5 Y=2.9

A3 .7 Seven-mm~Size Test Specimens -~ Y values are in % in 2":

Y b4 4 ¥ X

2.0 3.0 175 2.0 3.0

2.5 5.0 1.5 2.0 2.5 _

1.0 3.5 2.5 3.5 = 2.L

AW3.8  Eight-mm-Size Test Specimens - Y values are in % in 2":

Y Y Y X Y
2.0 2.0 2.0 2.0 2.5 _
1.5 2.0 3.0 6.5 2.0 Y = 2.6

A43.9  Nine-mm-Size Test Specimens - Y values are in % in 2"

b4 I b4 Y _
1.5 1.5 2.0 1.5 Y = 1.6

A43.10 Ten-mm-Size Test Specimens - Y values are in % in 2":

b ¥ ¥
g0 25 2.0 _
2.5 2.5 3.0 Y = 2.4
Al%.11 Eleven-mm-Size-and-Larger Test Specimens, Averaging 13. 8 mm

Y values are in % in 2;

Y (11mm) ¥ (12mm) Y (13mm) Y (15mm) Y (20m)

2.0 2.0 3.5 2.5 1.5

3.0 3.0

2.5

3.0 Y = 2.6

All, MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: INCLUSIONS - 0.6"-
THICK MATERTAL

Abki 1 Control Test Specimens (no defects)

Data for control test specimens was presented in para-
graph A4O.1.
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Al .6

Al .7
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Two-mm~-3ize Test Specimens - Y values are in 106 psi:
X b4 ¥ b
og.0 282 26,0 25.7  _
28,2 29.5 25.9 Y =27.5
6

Three-mm~Size Test Specimens - Y values are in 10~ psi:

Y Y Y Y
30.4 27.2 26.5 27.6 28.0
28.5  27.2  29.0 26,6  _
26.9 31.8 26.4 26.2 Y

I+

27.9

Four-mm-Size Test Specimens - Y values are in 106 psi:

Y I 1 b4 X
27.7 31,0 30.1 28.7 27.6
32.5 32.6 24,5 32.5 27.7  _
27.8 26.8 28.1 28.9 Y = 29.0
6

Five~mm-Size Test Specimens - ¥ values are in 10 psi:

X ¥ Y Y Y
31.5 8.8 30.1 27.3 284
25.0 30.0 29.6 24 .8

28.4 33,1 28.5 29.6 Y = 28.9

Slx-mm-Slze Test Specimens - Y values are in 106 psi:

X b4 X X
29.2 25.2 28.1 25.8 _
27.7 29.2 30.6 Y = 28.0

Seven-mm-Size Test Specimens - Y values are in 106 psi:

X p4 X X p4
30.9 31.2 28.2 34.5 30.7
30.2 27.3 29.5 27.7 30.5 _
o8 .8 28.6 26.4 31.h4 28.9 Y = 29.L

‘Eight-mm-8ize Test Specimens - Y values are in 106 psi:

X 1 b4 X X
29,1 29.2 33.0 2L .3 27.4 _
28.9 31.6 27.7 29.1 28.3 Y = 28.9
6

Nine-mm-Size Test Specimens - Y values are in 10° psi;

¥ R4 b4 b4 —
31.0 25.2 29.6 27.9 Y - 28.4
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ALL 10 Ten-mm-Size Test Specimens - Y values are in 106 psi:

X p4 X
29.5  30.8 31.0 _
28.1 28.3 27.8 Y = 29.3

Abl.11 EBleven-mm-3ize-snd-Larger Test Specimens, Averaging 13.8 mm -
Y values are in 10° psi:

Y (1lmm) Y (12mm) Y (13mm) Y (15mm) Y (20mm)

31.6 31.0 27.0 25.0 33%.0
30.8 26.2
30.8 _

27.% Y = 29.2

A5,  TENSILE-YIELD TEST DATA ~ IMPERFECTION: POROSITY - 0.6"-THICK
MATERTAL

Al5.1  Control Test Specimens (no defects)

Data for control test specimens was presented in para-
graph A37T.1l.

Al45.2  Intensity-l Test Specimens - Y values are in ksi:

X X b4 Y X Y Y
5.0 143.1 119.6 15K.1  14T.4  14T.0  140.%
k1.2 140.8 112.6 138.8 134.1 137.0 k2.2
150.8 133.8 151.2 137.3 143.4  135.4 144.6
1kh.3  142.9 151.8 137.3 138.8 133.7
k1.2 137.2 148.6 139.0 142.5  140.1
43,7 10k 153.6  139.7  145.1  136.2 Y = 141.3
142.2 1445 150.5 145.2 123.1 1h1.1

[
=
Mo

=

i41.8 150.6 143.6  138.%  135.7
142.7 1512.8 153.3 146.h  1h2.7  137.3
kx4 139.7 1h7.4 138.1  147.0 136.2
131.7 139.6 147.3 14k4.5 138.0 136.0
145.9  129.8 150.6 139.6 138.0 151.2

A5 .3 Intensity-2 Test Specimens - Y values are In ksi:

X X X X Y Y 4
43,0 2.4 143.7  123.4 0 13G.2  133.8 13
145.3  136.9 140.0 143.6 148.6 136.7 13
139.2 138.3 1k0.8 143.2  139.7 137.5 140.
1h2.2  140.6  1k2.5 1424 137.0 126.1 :

WADD TR 60-450
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Ab5.4 Intensity-3 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y

Wh.0  132.6  137.4 145.1 0.7 153.7

139.6  11k.0 137.9 13%9.5 138.1 138.6

h2.h 123.7  147.5  132.8 117.6 138.6 T - 136.4

Ab5.5  Intensity-4 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y
1.2 138.3 135.3 136.0 13B.2 143.5 Y = 138.7

AL5.6  Intensity-5 Test Specimens - Y values are in ksi:

Y X Y X Y -
128.0 129.0 1k3.2 13B.6 125.5 T = 136.1

AY5.T  Intensity-6-and-Higher Test Specimens, Aversging 7.3 -
Y values are in ksi:

Y (Intensity 6} Y {Intensity 8)
139.2 131.6 _
131.8 Y = 134.2

AL6.  TENSILE-ULTIMATE TEST DATA - IMPERFECTION: POROSITY - O.6"-
THICK MATERIAL

Ak6.1  Control Test Specimens (no defects)

Data for control test specimens was presented in para-
graph A38.1.

A46.2  Intensity-1 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y Y
167.0 126.9 186.2 142.3 159.2 141.5 170.0
169.2  158.5 139.2 138.6 158.0 172.7
170.8 155.1 130.6 158.4 159.8 155.8
167.3 171.6 192.7 141.8 163.7 171.9
k1.2 153.5 160.9 178.8 15k.9 137.3
149.6  159.8 16k.2  1%30.3 175.9 1k8.2
158.2  1k1.5 156.7 166.3 155.1 154.8
155.7  143.5  1k3.3 0 153.3  157.% 1517 ¥ _ 154.1
7.7 129.1  160.5 177.3 178.4 168.8
157.0  124.5  130.3 145.0 134.6 156.6
146.5 122.5 134.0 153.2 186.8 131.2
178.9  135.6 129.0 167.2 171.0 169.2
166.2  130.6 148.4%  176.7 173.7 157.k4
152.7 153.6 1/2.1  147.8 174.1  161.2
9.k A3k.2 159.5  147.6 159.1  1k42.1
133.9 130.0 162.4 164%.7 171.8 156.%

166.2  128.0 138.7 135.6 145.7 14B.0
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Al6.3 Intensity-2 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y Y
43,0 141.5  146.7  119.4 171.6 170.5 13%.8
161.8  143.9 143,37 13hk.5  1h7.7  158.6 136.4
172.1  166.6 143.¢  1%5.5 156.2 148.1
148.0 128.6 140.8 134,11 155.5  143.hk Y = 1k7.0
139.2 127.8  144.8  ikz.z 1h7.7  138.h4
149.0 165.5 137.3 155.3 153.0 139.k
172.8  155.9 131.7 129.5 163.9 149.2
139.8 175.9 126.0 130.3 163.9 145.8
AkE.l Intensity-3% Test Specimens - Y values are in ksi:
Y Y Y Y Y Y
161.3 132.6 17%.0 138.1 147.9 120.3
5.1 114.0  154.9  122.1 124.0  131.9
161l 133.7  139.5 135.5  156.5  169.8
157.9  137.6 136.2 159.2 155.8 147.5 T = 14k4.2
159.5 138.9 136.6 124h.2 138.2

AL6.5  Intensity-4 Test Specimens ~ Y values are in ksi:

X b4 R I g
159.0 158.7 135.1 1{3.5 133.8 _
140.3 1ko.2 16.6  161.7 132.3 Y = 149.1

AL6.6  Intensity-5 Test Specimens - Y values are in ksi:

Y b X X Y

15F.0 137.7 171i.9 112.3 12G.7

123.0 134.6 155.1 101.9 171.1

118.%  131.4  132.h  132.5 Y = 135.8

A46.7 Intensity-6 Test Specimens - Y values are in ksi:

Y Y Y Y Y Y _
133.1 126.1 139.2 13k.5 128.1 118.8 ¥ = 130.0

A46.8 Intensity-7 Test Specimens - Y values are in ksi:

X Y X b4 X -
43,6 1464 119.1 120.9 122.5 Y = 130.5

Al6.9  Intensity-8 Test Specimens - Y values are in ksi:

Y p4 X —
131.6 148.5 105.7 Y = 128.9

WADD TR 60-450
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POROSITY - 0.6"-THICK

ELONGATICN TEST DATA - IMPERFECTION:

MATERTAT,

AT,

Control Test Specimens (no defects)

AL

Data for control test specimens was presented in para-

graph A39.1.

Intensity-1 Test Specimens - Y values are in % in 2":

ALT.2

~

o

il !
o I

COOINOINO ININNININND IO Iy

bt
_1522223222122225

Y_0505555505505555
[ e e e e e e e e e e
QU QA QE QU QU QU Y QUM RO QY MY Y Ny e

Y_5005505050005000
1121312222225222

Y_5550055505000000
1122222111125222

Y_OOO5OO5055HN55550.
MAMMOAUNMAUN AN ANl

Y*R)R/R/R/R/OORJOOOOR/RJ:JO
LANL\AN L A RAURATNL aWa Ul o W 'a WV o Wia WY AWV INE 2o V!

Ab7.3

Intensity-2 Test Specimens - Y values are in % in 2"

Q
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Y_O 55550
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v.;OO:)OOO
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50 5555
..u..h_. 2)7)2.4

Intensity-3 Test Speecimens - Y values are in % in 2":

Ak7.4

Intensity-4 Test Specimens - Y values are in % in 2":

Al7.5

i
[

L 10y
v.__ll

n o
s

O mn
Al

O N
Y R
Ta¥ o

o O

5
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AL7.6  Intensity-5 Test Specimens - Y values are in % in 2":

X X X X X
0 2o 15 Lo 50  _
2.0 3.0 2.0 1.5 Y=2.1
AL7.7  Intensity-6 Test Specimens ~ Y values are in % in 2":
X X Y ¥ X X -
2.5 1.5 3.0 1.5 1.0 2.5 Y =2.0

Ak7.8  Intensity-7-and-Higher Test Specimens, Averaging 7.4 -
Y values are in % in 2":

Y (Intensity 7) Y (Intensity 8)
0 .5

.0
.0

MO AN O

D
-0
-5

D

Y=1.8

Ak8.  MODULUS-OF-ELASTICITY TEST DATA - IMPERFECTION: POROSITY ~
0.6"-THICK MATERIAL

ak8.1 Control Test Specimens (no defects)

Data for control test specimens was presented in pars-
graph ALO.1.

AbB.2  Intensity~-l Test Specimens - Y values are in 106 psi:

Y Y Y Y 4 Y
26.5% 29.6 28.8 26.5 30.7 26.7
33,3 27.5 27.5 25.6 28.4 26.2
31.3% 29.1 29.6 26.4 26.3
31.5 32.3 29.3 28.6 27.2
29.3 29.8 28.3 27.3 29.9
26.8 30.5 27.8 28.3 28.3
32,1 %2.0 28.5 26.7 30.6
27.8 27.4% 25.8 27.5 29.0
28.5 30.0 29.5 25.3 28.0
28.7 27.2 29.3 25.5 27.0
29.8 27.0 26.4 25.2 28.1
28.9 26.9 31.4 27.6 32.3
27.8 29.5 31.3 27.3 28.9
28.7 28.9 28.1 28.3 25.1
31.0 26.8 29.4 27.8 28.5
26.8 29.0 26.1 29.3 26.8
31.5 30.2 28.8 26.5 26.7
30.5 28.7 25.6 26.4 26.6
26.3 26.7 29.0 28.1 30.0
30.7 32.0 26.5 27.3 27.3

w4
n

o
o
=

WADD TR 60-450 301



APFENDIX A

A8.3  Intensity-2 Test Specimens - Y values are in 106 psi;

Y ¥ Y X Y Y ¥
27.8 26.8 2871 29.9 27.3 35.8 282
31.1 35.8 30.3 33.1 28.3 29.7

31.5 35.3% 20.2 28.5 27.6 27.3

28.2 26.0 30.7 28.7 25.5 31.3

27.3 27.5 27.7 33.0 27.3 27.1

28.8 £29.0 27.9 26.9 33.8 29.4 B

29.8 30.2 28.8 27.4 27.7 32.1 Y = 29.4

AB.L  Intensity-3 Test Specimens - Y values are in 100 psis

Y Y Y Y Y Y

30.3 29.1 29.5 283 30.6 31.9

32.0 29.0 32.2 29.8 28.7

26.4 26,4 26.2 26.7 27.8 ¢
27.5 28.2 27.7 26.9 29.6

22.8 29.7 21.7 32.3 32.8 Y = 29.0

AkB8.5 Intensity-4 Test Specimens - Y values are in 106 psi:

Y
27.k  33.0 295 2570 2Ty
27.5 27.8  30.1 26.2 27.1 Y = 27.8

Al8.6 Intensity-5 Test Specimens - Y values are in lO6 péi:

X X Y ¥ X ¥
3Lk 312 258 2808 332 286
32.7 29.5 32.6 27.0 28.9 31.1 Y = 30.1

A48.7  Intensity-6 Test Specimens - Y velues are in 106 psi:

X X X X -
30.0 30.8 29.1 27.9 Y = 29.5

A48.8  Intensity-7 Test Specimens - Y valuee are in lO6 psi:

¥ 4 X Y Y —
28.0 26.7 27.3 28.6 26.1 Y = 27.3

A8.9 Tntensity-8 Test Specimens - Y values are in 106 psi;

X X -
29.3 2.9 Y = 27.1

WADD TR 60-450
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APPENDIX B
B. EQUIPMENT

Equipment used by the Pacific Alloy Corporation and Convelr, San Diego,
in eonducting this project follows:

Bl. Paclfic Alloy Corporation Equipment:

Bl.1 For Meltinge

Ajax Electrothermic Corporation - Induction-Melting
Furnace - 850 1lbs. capacity.

Motor Generator Set - 175 KVA, 960 cycles.

XKenney Pump Division, New York Air Brake Co. - Furnace-
Degassing Equipment - 25 hp., maximum vacuum 1 mm Hg.

Bl.2 For Tempersture Determinations of the Melt -

Leeds and Northrup Immersion Potentiometer with platinum/plati-
num-rhodium thermocouple.

Leeds and Northrup Optical Pyrometer - Catalog No. 8821.

Ri.3 Annealing Furnaces -

Two Alpine, Model VHS-100 {1900 F meximum temperature).

BL.4 For Humidity Determinations -

Sling psychrometer. Manufactured by Genco.
Bl1.5 For Mclding -

Shell molds containing commercial-purity zircon sand and
Rakelite resin.

BlL.6  X-raye

260 KV McCurtaln Engineering X-ray, with 2.5 mm focal-spot
size, 42-inch foecal length, and tungsten target.

Eastman type-M film.
Pacific Alloy Corp. X-ray Laboratory received Air Force

certification on October 30, 1956 and was recertified
July 10, 1959 with new personnel.
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Bl.7 For Chemical and Physical Foundry Tests.

Atlas Testing Laboratory (An Air Force-approved facility)
1225 Rast 63rd Street
Los Angeles 1, California

B2. Convair Egquipment:

B2.1 For Hardness Testing -

Wilson Rockwell Tester - Model L4-JRPL.

B2.2 For Tensile Testing -

Super L. Tinium Olsen Electroniec Tester {60,000 1lbs) with an
Olsen strain-rate pacer asnd recorder.

Southwark Tester with Baldwin (Model MAIB) stress-straln
recorder and an Q. 8. Peters' strain-rate pacer.

Tinlus Olsen Test Machine (200,000 1bs) with Tizius Olsen
strain pacer and recorder.

B2.3 For Metallography -

Buehler mounting and polishing equipment.
Bausch and Lomb Balphat Metallograph and 3D sterecmicroscope
Disa Electropol Electrie Polisher - Model 534

B2.4  For Chemical Analysis -

Wet chemical-laboratory equipment.

B2.5 Machine Shop (Laboratory & Production) -

Full spectrum of metal processing equipment.

B2.6 X-ray

Picker X-ray Machine - 260 KV, 3.5 mm focal-spot size.
Kelchet Viewer - Type G-1.

Picker X-ray Viewer (23" x 56")

G. E. Model BY Type-I Viewer

Eastman film - Type M for 0.1", 0.2" and 0.3" material
Fastmen film - Type AA for Q.6" material
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For Steel -

B2.7.1 Solution-Heat-Treat Furnaces -

General Electric with Leeds and Northrup controls and
recording equipment - 50.25 KW, 2000 F meximum tempera-
ture. Furnace is supplied with saturated exotherm gas
from a G. E. Neutralene Producer with 1000 cu. ft. per
hour, low ratio. -

B2.7.2 Tempering Furnaces -

Lindberg - 18 KW - Type 202418 . 230, 3-phase volts,
1250 F maximum temperature with Wheelco Capacalog
controller and recorder.

C. I. Hayes Co., Inc. Electric Furnace - Type LRF 303.

Industrial Systems Furnace - No. 52-62, L4O volss,
3 phase, 60 cycles.
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