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official Department of the Army position, unless so designated
by other authorized documents.

Mention of any trade names or manufacturers in this report
shall not be construed as advertising nor as an cfficial
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FOREWORD

The Aluminum Company of America, Alcoa
Technical Center, Alcoa Center, PA 15069, prepared
this report to satisfy the requirements of U.S.
Army Contract DAAA25-73-C-0657. The Alcoa personnel
respensible for this program were Mr. J. E. Vruggink,
principal investigator; Dr. B. K. Park, technical
assistance in the area of microstructural interpre-
tation; and Dr. R. E. Frishmuth, technical assist-
ance in the area of notch sensitivity. The
investigation was supervised by Messrs J. T. Staley
and H. Y. Hunsicker. The Frankford Arsenal contract
technical supervisor was Dr. Jeffrey Waldman and
the Tank Automotive Research and Development Command
Project Engineer was Mr. Harry Spiro.
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. INTRODUCTION

Medium strength, high toughness aluminum alloys have been
widely used in armor plate applications due to their good resistance

to kinetic energy impact rounds. Indications are that resistance

to penetration is increased with increases in strength, but that
3 the reduced toughness levels accompanying significant increases in

strengths achieved by conventional alloying and fabrication are not

Ruch S

o =

sufficient to prevent plate cracking and shattering. To take

eI
”

advantage of the yreater potential penetration resistance resulting

Ey

M

T9EED
By

from higher strengths, increases in tha toughness level of the

P

e

nigh-strength aluminum alloys are required. é

—r

Eys

The aluminum industry has made significant advances in \g

Qe

Saras

increasing fracture toughness at high strength levels in 2XXX and

S

3 . 7XXX aircraft structure alloys, i.e., 2419, 2124, 2048, 7149, 7050,
7175, and 7475, by refining alloy chemistry ané introducing special

5 processing. The increase in fracture toughness by reduction or

4 elininaticn of both soluble and insolukle constituents (second-phase
4 particles) present in the alloy structure has been kroadly successful,

but further substantial improvements derived solely by changes in

. . alloy chemistry for the basic alliy systems are not considered as

offering a high probabkility of achievement at the present time.
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Moreover, ballistic evaluations of alloys of these types have shown

O,

=IO Y

no consistently significant improvement in ballistic performance

A over that af{ovrded ky the aluminum alloys presently used for armor %
4 P . . %‘
s plate. Consequently, a new approach is needed. %
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Modifications in the grain structure of high-strength

alloys have shown promise as a way to develop improved combinations

of strength and ductility.

Plate commercially available today of both sta- "ard and
high toughness varieties of the 7XXX alloys, hot rolled to final
gauge, has typically an unrecrystallized, highly elongated lamellar
grain structure and has fracture toughness in the short-transverse
direction which is lower than the fracture toughness in the longi-
tudinal an@ long-transverse directions. Recently, DiRusso, et al,!
and Waldman, et al,? develcped novel processes specifically designed
to produce a much finer controlled grain morphology in 7XXX alloy
plate than is obtained with conventional prccessing. These processes,
referred to as Intermediate Thermal Mechanical Treatments (ITMT),
involve establishing preliminary structures amenable to recrystalli-~
zation by applying appropriate thermal treatments prior to working
at lower than conventional hot working temperatures (warm working).*
These treatments introduce a relatively high degree of strain
hardening which promotes recrystallization to fine, relatively
equiaxed grain structures during subsequent thermal treatment. The
ITMT products can be utilized either in this as-recrystallized con-
dition (AR) or after subsequent hot rolling to elongate the grains
(AR+HR) .

Properties reported by these investigators have been very

promising. DiRusso, et al,! reported that 0.4-in. thick super

*The processes employed by DiRusso (ISML-ITMT) and by Waldman
(FA-ITMT) differ in the thermal practices prior to warm rolling.
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purity (0.0013% Fe and 0.004% Si) 7075-T6 plate fabricated using

ISML~ITMT processes exhibited higher longitudinal and long-transverse
ductility and toughness and short-transverse stress-corrosion prop-
erties than were exhibited in conventionally produced super purity
7075-T6 plate of the same gauge. Waldman, et al,? using super purity
(0.01% Fe and 0.01% Si) 7075 ingots fabricated 0.4 and 0.7-in. thick
plate using FA-ITMT and conventional processes. The specially
processed plate developed higher ductility as measured by recduction
in area of long-transverse tensile specimens, and the reduction in
area increased as the mean grain thickness decreased. Waldman, et al,3
also disclosed that 1.0-in. thick super purity (0.02% Fe and 0.02%
Si) 7075 plate fabricated using FA-ITMT processes, both (AR) and
(AR+HR), had higher fracture toughness in the longitudinal and long-
transverse directions in the T6, T76, and T73 tempers than did
commercially produced 7075 plate in similar tempers.

Another method for improving the strength~fracture toughness
relationship of 7XXX alloys is the use of a combination of special
thermal and mechanical treatments following solution heat treatment
and quenching called Final Thermal Mechanical Treatment (FTMT). The
FTMT procedures, which have been extensively investigated,ls%~8
involve generally a preage at an artificial aging temperature prior
to mechanical working and a second artificial aging treatment following
the mechanical working step.

The goals of this contract were to explore and develop
industrially viakle schedules for producing aluminum alloy plate with

significantly improved plane strain fracture toughness at two target
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yield strength levels, (a) 60 to 70 ksi, (b) 70 to 80 ksi. The
approach was to use ITMT processes to develop two types of grain
structure in 1.25-in. to 2,50-in. plate of high purity Al-Zn-Mg-Cr
alloys with and without a Cu addition. One target structure was

fine recrystallized grains (AR), the other was a hot worked, fine-
grain structure that had ruecrystallized at an intermediate step
(AR+HR) . Unrecrystallized (HR) 7475 plate was produced for comparison
with ITMT processed plate from the same ingot, and results are also

compared with data on commercial 7475 and 7075 plate.

MATERIAL AND PROCEDURE

Alloy and Composition Selection

Alloy 7475 and an experimental Cu-free Al-Zn-Mg-Cr alloy
were selected for the program. Alloy 7475 is a modification of
7075 that has the Fe, Si, and other impurity elements restricted to
the lowest values that are considered to be commercially practical.
The Cu-free Al-Zn-Mg-Cr alloy contained slightly more Zn and Mg than
nominal 7475 so that it would develop strength comparable to that of
7475. It was included because Cu-free Al-Zn-Mg-Cr alloys are
weldable. The Fe and Si contents of the experimental alloy were
controlled to the same limits as those of the alloy 7475.
Ingot

Direct chill (D.C.) ingots, 12in. x 38 in. x 100-in.,
were used for this program. The ingots were stress relieved at
575°F, cropped, scalped to a thickness of either 9.25 or 10-in.,

and sawed into rolling sections (Figure 1). The compositions of
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: the ingots were determined on analytical samples cast with the
. ingots:
Alloy S. Number Si Fe Cu Mn Mg Cx Zn Ti
7475 418967 0,06 0,12 11l.65 ©.,00 2.35 0.23 5.7¢ 0.01
7475 421675 0.04 0.07 1l.64 0.01 2,23 0.17 5.62 0,01
7475 4226223,B,C 0.07 0.65 1.70 0.02 2.40 0,18 5,80 (.00
Al-Zn-Mg-Cr 422014 0.04 C.06 0.00 0.00 2.51 0.22 6.47 0.00

Fabrication and Thermal Practices

In the previous ITMT investigaticns,!s2,3 thermal treatment
' temperatures conventional for 7075 and up to about 9C0°F were em-
ployed. Prior Alcoa investigations? had demonstrated beneficizl
effects of higher tel.perature and 960°F was employed extensively in

the present invescigation for ingot preheat, intermediate recrystal-

lization, and final sclulion treatments.* Salt baths were emplcyed

2 in the prior investigations; in the present case, all thermal ¥
Q treatments were performed in circulating air furnaces. Woerk reported :
é in Appendix A showed that the warm rolled 7475 plate recrystallized
é, at 960°F for up to 20 hours cdeveloped the same grain size as comparable
. samples recrystallized for orne hour at 8€0°F, recarcéless of heatirg
3
- rate or furnace typre. In various parts of the precgram, thermal treat- 14
: X
£, ments at 860°F were used tec provide direct compariscon cf results g
s 4%
B at the two temperatures. The treatment variants that included 860°F i
;) tg,
? heating corresponded to ISML-ITMT and FA-ITMT practices. '%
. >4
b . . 13
£ For comparisorn and control at varicus stages of the ITMT -%
2N R
e = . . . ’:fg‘
' process development, sections of the same ingot used fcr specieal i
3 RS 1
& ¥
? “ *The use of 960°F thermal treatments on nonhcmogeneous material gg
b requires a presoak at lower temperatures to eliminate eutectic- 1
5 . forming phases. g
1
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processing were fabricated by a completely hot rolling practice which
produces an unrecrystallized structure (HR).
oMY

The ITMT process development and evaluation proceeded
in four phases, the principal variants of which were warm rolling
temperature and reduction. These factors strongly affect roll pres-
sures, susceptibility to cracking or alligatoring, and the re-
crystallized grain size, which should be as fine as possible. Since
workability ané grain size are favorably affected in opposite
directions by these warm working variables, there is a trade-off
relationship between commercial viability and the metallurgical
structure objectives.

Phase I. Rolling schedules for 7475 and the experimental
Cu~free alloy to produce final gauges of 1.25 and 2.50~inches
involving combinations of hot (750°F) and warm (600°F) rolling were
followed as detailed in Tables 1 and 2. Warm (€00°F) rolling
reductions of up to 75% were applied directly to ingot rolling
sections and to previously hot rolled material. Recrystallization
treatments (960°F) were applied either =t final gauge (AR) or at
an intermediate gauge followed by 50% hot rolling reduction (AR+HR).
Grain count data for these materials are tabulated in the tables.,

Phase II. In an effort to achieve finer grain structures,
warm rolling temperatures frem 500 to 575°F were used in the second
phase (Tables 3 and 4). Difficulties with alligatoring were

encountered in applying large warm rolling reductions directly to
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non-beveled 7475 ingots at 500 and 550°F. Grain count data obtained
with 7475 warm rolled at 575°F were not greatly different than those
observed in the Phase I material.
Phase III. Practices employed are described in Talble 5.

To obtain reductions >65% by warm rolling at 500°F, the entry end
of ingot rolling sections or cf previously hot rolled slab were
beveled by sawing (Figure 2) prior to warm rolling to prevent
alligatoring., Using the beveled rolling pieces, reductions cf 81

' to B8% were successfully apprlied at 500°F to inget sections and 75%
(higher reductions not attempted because cf final thickness require-
ments) to previously hot rolled matexrial. Accordingly, items were
rolled to final 1.25-inch gauge entirely at 500°F by Alcoa Laboratories
(S. No., 422622E1) and by Frankford Arsenal (S. Nos. 427506 and
427507), the latter employing recrystallizaticn and solution heat
treating temperatures lower than 960°F in salt kaths. Other sections
were fabricated employing preliminary hot rolling followed by 75%

warm (500°F) reductions and final recrystallizaticn (HR-WK~AR) cr

intermediate recrystallizaticn followed Ly 28% final hot rolling

A7 ? 3353 Pt TICTST
R T Ty A RO

. reduction (HR=-WR-AR-HR).

L DA,

Grain count data included in Table 5 show that much finer

oy e
2 RO

; grain sizes were prcduced by application of the lower temperature

A

2GS

%3
Ry

(500°F) warm rolling operaticns preceding recrystallizaticn

PR oS
3 SIAL

A
b
S

treatnent.

To assist in selection of the fabricating practices employed
- ir the final phase tc produce material for more complete evaluaticn,

b tensile, notched-tensile anéd fracture touchness data were obtained
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from material produced in all three phases. This also served to ‘
extend the range of fabricating variables covered by the mechanical
property evaluations.

Phase IV. The final phase was designed to provide more

complete three direction mechanical property evaluation and unequivo-

cal correlation of these properties with the different grain

e g | T et T —
B LR N e A et

morphologies unconfounded with differences in composition or particle

morphologies derived from thermal practice variations. Using three

R iy

T
e

rolling sections cut from a single ingot, three rollincg schedules

2 o
LEad
I

were employed to produce hot rolled, unrecrystallized (HR); fine-

RS LA

grain recrystallized (AR); and fine-grain recrystallized plus hot

2h]

A<

F:
3
£

rolled (AR+HR) plate. A final gauge of l.5~inches was selected to

%
=

provide for maximum warm rolling reduction consistent with use of

k.
s

f reasonable ingot breakdown reduction by hot rolling with further

allowance for final hot rolling. This gauge was the minimum that

& permits satisfactory short-transverse direction mechanical property

evaluation.

«

e AR

Use of the same thermal treatments (960°F) throughout was

intended to eliminate any differences in morphology of second-phase

Y

¥
7
+

=y

ke insoluble constituent particles and high temperature solid-state

.0

2

v e d
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precipitate (Al,,Mg,Cr dispersoid). Fabricatingpractice details are

summarized in Table 6. The ITMT practices produced fine grains. i

; Details of all the ITMT fabricating practices employed in B
;‘ the four phases are illustrated by flow charts in Figures Bl through 3
Bl6 in Appendix B.
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FTMT

After a review was made of the varicuc FTMT practices de-
scribed in the literature, an FTMT practice developed for 7475 sheet
at Frankford Arsenal® was selected for evaluation because it could
be readily applied to 1.25-in. thick 7475 plate. The Frarkford

. practice consisted of solution heat treatment, quenching, preaging

€ hrs at 220°F, cold rolling, ané final artificial aging at 250°F. 1In

the work reported here, 8in. x 12-in. pieces of 1.25-in. thick 7475

;; plate having either a recrystallized plus hot rolled structure

'E (8~4226227) or an unrecrystallized structure (S-422622C2) were used.
i‘ The FTMT practice used consisted of solution heat treating at 960°F,
; cold water guenching, preagirc 6 hrs at 220°F, cold rolling 1C, 15,

i? cr 20%, and firal artificial aging at 25C°F for 8, 16, or 24 hrs.

? ‘the fabricating cetails are given in Figure B17 in Rppendix B.

Grain €ize Determinaticns

% ‘ The grain size was determined at the midplane cf 1.00-in.

f; to 2.50-in. thick plate from grain count measurements made micro-
scopically using the linear intercept methcd. Materials prcduced

in Phases I and II were examined only in the longitudinal/short-
transverse plane, while measurements were made in this and in the
long-transverse/short-transverse plane for most of the iterns produced

in Phases III and 1V,
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Mechanical Property Determination

The location, number, and type of specimens used to deter-
mine the properties and grain size of the 7475 and Al-Zn-Mg-Cr alloy
plate are described in Figures 3 and 4. The notched tensile and
compact tension fracture toughness specimen configurations are showin
in FiguresCl, C2, and C3 of Appendix C. Notched tensile and fracture
toughness tests could not be made in the short~-transverse direction
on samples of 1.0C-in. to 1.25-in. thick plate because of cspecimen
size limitations.

None of the candidate plane strain stress intensity fracture
toughness test measurements, KQ, were valid KIC values because one
or more of the criteria specified by ASTM E-399 were not met, i.e.,
specimens not thick enouch, fatigve crack toco short, or curvature of
fatigue crack exceeded allowvable variation. The criteria which were
not met, however, were not far beyond the specified limits. Conse-
gquently, the K. values obtained are considered to be meaningful for

Q
comparing relative fracture toughness of the various samples of plate.

RESULTS AND DISCUSSION

The experimental allcy Al-Zn-Mg-Cr plate developed a duplex
grain structure which was attributed to the presence of twin columnar
grains in the ingot. When this structure was detected, additional
fabrication of the experimental alloy plate was stopped, and efforts.
cencentrated on éeveloping the target recrystallized grain size in
7475 plate.

Grain counts and complete mechanical property data for

both alloys are presented in Tables 7 through 18. All of the
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nmechanical property values reported are the arithmetic ..n2n, € values
determined in duplicate tests. In the following paragraphs the
effects of ITMT fabrication practice on grain dimensions are discussed
first, then the cffects of grain structure cn mechanical propecrties.
The relationships between the grain dimensions and the ductility and
toughness of recrystallized plate are examined next, followed by
structure analysis of plate fabricated from pieces of a single ingot
with no differences in thermal history during fakrication other than
rolling temperaturc.

ITMT cf 7475 Plate

Grain Dimensions vs Fabrication Variakles. The ITMT fabri-

cating practices used in this prcgram were designed to evaluate mcre
thoroughly than hac¢ been possikle in previous investigaticns the

merits of the nonconventional processing and to explore the possibility

‘2"57’"3";&22?;2?" Y 5

e

of developing a commercially viable ITMT process. They were not

PN

designed to optimize or survey completely the effects of individual

fabricating variables in the ITMT process. Thus, the warm rollirng

temperatures, reductions during warn rolling, and reducticns during

the initial hot rolling cf the ingot (ingot breakdcwn) at 750°F were

R e

‘

not changed in a systematic fashion, so the individual effect of each

o

fabricating variable on grain dimensions of the plate is difficult

to determine.

s vt ndtedediom

The grain counts, average grain dimensions calculated from

e S o s
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the grain counts, and the corresponding fabricating variakles for

P

. the 7475-16 plate are given in Takle 19. Three dimensional photo-

SRR

nmicrograrhs at 100X of the various plates in T6é temper are 'inclucded
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as Figures 5 through 16. Figures 5 through 9 show the ITMT (AR+HR)
recrystallized plus hot rolled structures, Figures 10 through 13
show the ITMT (AR) recrystallized structures, and Figures 14 through
16 show the structures of the (HR) unrecrystallized 7475-T6 plate
fabricated by hot rolling only. The grain thickness, grain length,
and aspect ratio (average grain cdimension in the longitudinal
direction divided by average grain dimension in the short-transverse
direction) of the grains (Table 19) are plotted as functions of the
reducticn achieveé during warm rolling in Figures 17 ané 18. No
exact relationship between the grain dimensions and the different
fabricating variables could be established but the following indica-
tions with respect to the 1.25 and 1.50-in. plate were noted:

1. Increasing the reduction during warm rolling prior

to the recrystallization treatment decreased the
thickness of the recrystallized grains anéd had no
consistent effect on their length.

2. The reduction by warm rolling required to oktain

the desired small grain thickness and length was
lewer when the warm rolling was preceded by hot
rolling at 750°F (ingot breakdown) than when the
ingot was warm rolled immediately.

Hot rolling the ingot at 750°F followed by warm rolling 75%
at 500°F produced the desired fine grain, recrystallized structure.
Due tc limitations on the thickness of the rolling sections, the
desired degree of grain refinement was not cktained in the 2.5C in.

thick plate.

Crain Structu:. vs Mechanical Properties. The tensile

properties, notched tensile strength/yield strength ratios, and KQ

values oktained on the samples of 7475-T6 plate are presented in
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detail for the 1.25-in. thickness in Tables 7 through 9 and for
the 2.50-in. thickness in Tables 1l through 13.
Elongation, reduction in area, notched tensile strength/

yield strength ratic, and K, values are plotted as functions cf

Q
yvield strength for each of the three test directions, lcngitudinal,
long-transverse, and short-transverse, in Figures 19 through 21,
respectively. Data for both plate gauges are included in Figures
19 arnd 20; only the thicker material can be used for the Ficure 21
comparisons. Coded symbols distinguish between cata for the twc
gauges, for the three major process variants, (AR+ER), (AR), and (HR),
and for the two temperature variants (960°F), (860-900°F). Included
in these figures are lines rerresenting the upper and lower bounds
of the rreviously determinec relatiornships between the toughness- and
guctility-related preperties and the yield strength for comnmercially
hot rcliled plate of alloys 7475 and 7075 in T€51, T7651, and T7351
tempers (gauge range 1.30 tc 2.62-in.).
The data reveal several sigrificant points:
1. The lcngitudinal ané long-transverse yield strengths
cf the recrystallized (AR) 7475-T6 plate were
slightly lower than those of either the unrecrystal-
lizeéd (ER) or the recrystallized plus hot rollec
(AR+ER) materizl, while the short-trarsverse yield

strength variaticrns shcwed no systematic relation
to the process variables.
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2. The lcngitudinal and long-transverse ductilities
(elongation and reduction in area values) cf the
recrystallized (AK) and the recrystallized plus
hot rolle¢ (AR+HR) material were generally higher
than those of the unrecrystallized (HK) material.
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- 3. The longitudinal and long-transverse NTS/YS ratios
cf the recrystallizeé plus hot rolled (AR+HR) and
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the unrecrystallized (HR) plate lie within the band
established for commercial hot rolled 7475 plate in
the T651, T7651, and T7351 tempers, the K, values
for the recrystallized plus hot rolled (AS+HR) plate
are in the lower half of the band for commercial

hot rolled 7475 plate, and the K, values for thco
unrecrystallized (HR) plate are in the upper half

or above the band for commercial hot rolled 7475
plate.

4, The longitudinal and long-transverse fracture tough-
ness (NTS/Y¥S and Kp values) of the recrystallized (AR)
plate were general%y below the kand for commercial
hot rolled 7475 plate in the T651, T7651, and T7351
tempers and above the band for commercial conventionally
kot rolled 7075 plate in the T651, T7651, and 17351
tenpers.

fechanical Properties vs Grain Dimensions. The effect of

grain dimensions on the propertiecs of the samples of lakoratory-
fabricated 7475-T6 plate cannot be even speculatively determined from
Figures 19 through 21. Because of the wide range cf yield strengths
and indications that the other mechanical properties were influenced
by yielé strength and plate thickness, an estimate of the effects of
these variables, vield strength and plate thickness, on the longi-
tudinal, long~transverse, and short-transverse elongation, reduction
in area, notched tensile strength/vield strength ratic, and KQ values
was attempted using multiple regression aralyses sco that ductility
and toughness coulé be compared on the basis of equivalent yield
strergth levels. Yield strength, plate thickness, Fe content, plate
structure (AR, AR+HR, and HR), and grain dimensions were used as
independent variables, ané the coefficients determined by the regres-
sion analyses were used as estimates of the effect of each independent
variable on a given property. The large charge in the coefficient

for yield strength, plate thickness, and Fe content, in some cases
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from a negative tc a positive value, with the selection of the in-
deperdent variables representing plate structure and grain dimensions
was unfortunate. This large change in coefficients is shown by the
listing of the individual coefficients for the longitudinal propertles
in Talble D1, Appendix D.
Because of the larye vari.tion in coefficients indicating

. the effect of yield strength, plate thickness, and Fe content cn tkhe
ductility and toughness of the plate, the properties were not
rnormalized. Thus, the elongation, reduction in ares, notched tensile

strength/yield strength ratios and K, values (Tables 7, 8, 11, and

Q
12) are plotted as functions cf grain thickness in Figures 22 through
24, of grain length in Figures 25 through 27, and of grain aspect
ratio irn Figures 28 through 30. The parameter of grain thickness
used ‘n Figures 22 through 24 was the same parareter used by Waldman?
in plotting the data from C.4-in. and 0.7-in. thick plate.

The plots in Figures 22 through 30 show no significant
change in the lcngitudinal, long-transverse, cor short-transverse
elcngation, notched tensile strength/vield strength ratic, or KQ
values for the plates having & re rystallized (AR) or a recrycstal-
lizea plus hot rolled (AR+ER) s*.ucture with dccreasing grain thickness,
decreasin¢ grain length or increasing grain aspect ratio. There
is some indication that the reduction in area increases with
decreasin¢ ¢rain size.

Ductility and 1cughness vs Microstructure. The mechanical

. properties (Table 10) of the 1.50-in. thick 7475-T6 plate fabricated

to “evelop e recrystallized structure (AR), a recrystallized plus

15
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hot rolled structure (AR+ER), and an unrecrystallized structure (HR)
are plotted as functions of yield strength for each testing direction
in Figure 31l. Also plotted in Figure 31 are bands (upper and lower
bounds) showing the relationship between yield strength and notched

tensile strength/yield strength ratio and K. _ values previously

Ic
determined for commercially hot rolled 7475 plate. Comparison of

these plots with Figures 19 through 21 show that the higher Fe

content in the 1l.50-in. thick plate in ccmparison to those in the
1l.25~in. and 2.50-in. thick plate, i.e., 0.12% Fe in the former vs

.05 to 0.07% Fe in the latter, prcduced lower notched tensile strenath/
yield strength ratics and K, values. The relationship Letween the

Q
9 notched tensile strenath/yvield strength ratics and K

Q values for the

three different plate structures (AR, 2R+HR, and HR) remained the

4 same as noted in the other comparisons. 1In an effort to explain these

results, analyses were made cf smooth and notched tensile data

AT

(Appendix E) and a detailed microstructural eramination was made on

g' samples of the plate (Appendix F). The results of the analyses

f described in Appendix E indicated that the recrystallized structure

g was more notch sensitive than either the recrystallized plus hot

% rolled or the unrecrystallized structures. The results of the micro~

structural examirations shcwed that the fracture toughness increased

as the proportion of intergranular fracture decreased. The relative

proportion of the intergranular fracture was related to the population

SRS

x’-‘.“-{-.é:%'u

and size of large particles at the grain boundaries in addition to

those effects atiributable simplv to grain boundary morphology, in
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. particular, the relative orientation/grain boundary area relaticn-

ships normal to the directicn of tension. Some of the particles
present at the grain koundaries were identified as having originated
by precipitaticn during quenching.

To reduce the amount of such precipitate at the grain
boundaries, 0.6-in. dia. cylindrical blanks were machined from the
three types of plate. The blanks were heat treated, quenched in
cold water, aged to the T6 temper and machined to 0.357-in diameter

smooth specimens ané 0.500-in. diameter nctched tensile specimens.

Ot

Analysis of the smooth and notched tensile data from the more ragidly

3 Dipoas

guenched reheat treated specimens shcwed that thc notch tencile
strengths of all three structures increased but that the recrystal- ;%
lized structure was still the most notch sensitive structure. Micro-
scopic (TEM) examinaticrn of the rapidly gquenched material showed a k1

reducecd number of precipitate particles at the grain lkoundaries irn ;

T gt Wl

the recrystallized and the recrystallized plus hct rollec¢ raterial,
but particles identified as Al,Cu,Fe constituents were unaffected by :

the reheat treatment.

ALy £ ot > Lo RS

S o e s,

Analysis of the results of the microstructural examirations

of samples from the plate heat treated at full thickness (Appendix

iR g st

F) indicated that differences in the dislocation substructures

strongly affecteé the ductility end the fracture toughness. The re-

¢

crystallized grain structure, whiich develcped high ductility, was
essentially free of dislocations In contrast with the unrecrystallized

structure, which ccntained dislocaticns within subgrains and along

AR T T

=~

cell walls. Dislocaticns generated during defcrmation cf the
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recrystallized structure interacted with the grain boundaries,
however, and provided low resistance to coalescence of voids
nucleated by fracture or decohesion of particles at the grain
boundaries. The resultant low toughness, intergranular fracture
was significantly different from the high toughness, transgranular
dimpled rupture mechanism initiated by Al, ,Mg,Cr dispersoids pre-
dominantly within the grains of the unrecrystallized material.

Summary -~ ITMT Processing of 7475 Plate

Rolling temperature and the amount of reduction were the
main variabhle factors in the present investigation which were used

to centrol the grain structure and resultant mechanical properties.

T TR A T AP 5

Q For the 7475 plate, reductions of at least 75% at a temperature
% near 500°F procduced a fine, relatively equiaxed grain structure (AR)
? containing few dislocations and a relatively large number of particles

along the grain boundaries. Plate having this structure developed
¢ slightly lower strength, higher ductility (reduction of area in

smooth tensile specimens), and lower fracture toughness (NTS/YS

dislocations within subgrains and along cell walls. Eot rolling the

3 recrystallized structure at 750°F produced a structure after solution
heat treatment that consisted of elongated recrystallized grains
containing polygonized cells. This structure developed strength
comparakle tc that of the unrecrystallized material with better
ductility, egual notch toughness, and somewhat lower fracture

toughness (KQ).
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. FTMT of 7475 Plate

The results of long-transverse tensile and notched tensile
tests made of the samples of 1.00-in. to l.l6-in. thick 7475 plate
given the various FTMT practices are summarized in Table XX. The
thickness of the plate samples dictated use of only 0.5-in. diameter
notched tensile specimens as a measure of toughness. Comparison of
the notched tensile strength/yield strength ratios determined on the
FTMT plates with ratios oktained on thicker 7475 plate tested using

. 1-1/16-in. diameter notched specimens required that the ratios

obtained using 0.5-in. diameter notched specimens be converted to

ratios expected from 1-1/16~in. diameter specimens. The ratios were !

T e
RN R By A

converted using correlations established at Alcoa Laboratories.

S

e

In order to compare toughness over a range of yield ¥

2

ST

strengths and provide for any differences in response to final

T

artificial aging arising from possible prior strain effects on aging

Lo

%

rate at 250°F, three aging times at this temperature were used, i.e.,

egd b i 5

8, 16, and 24 hours. There was no consistent change in yield

L L L T R I

strengths or notched tensile strength/yield strength ratios with

e 2

ks ] increasing aging time at 250°F for the various amounts of cold rolling.

PR

Therefore, the yield strengths, reduction in area values, and notched
b ‘ tensile strength/yield strength ratios obtained for the three aging
times were averaged for each amcunt of cold rolling.

The average, maximum and minimum yield strengths, reduction
in area values, and notched tensile strength/yield strength ratios
for the various samples of plates are plotted as functions of per-

cent reduction applied during cold rolling in Figure 32 and as

19
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functions of the yield strengths in Figure 33. Also included in
Figure 33 are two bands, one representing the notched tensile
strength/yield strength ratio versus yield strength relationship for
commercially-hct rolled 7475 plate and the other for conventionglly—
processed commercial 7075 plate. The plots in Figure 32 show that
the yield strength increases and the reduction in area and notched
tensile strength/yield strength ratios decrease with increasing
amount of cold work for plate having either an initially recrystal-
lized plus hot rolled structure (AR+HR) or an unrecrystallized
structure (HR). The yield strengths increased at a slightly higher
initial rate and the notched tensile strength/yield strength ratios
decreased at a slightly lower rate with increasing amounts of cold
rolling fo. the unrecrystallized (HR) plate than for the recrystal-
lized plus hot rolled (AR+HR) plate. The reduction in area values
for the recrystallized plus hot rolled plate (AR+HR) were con-
sistently higher than those for the unrecrystallized plate (HR).
The data in Figure 33 show that the use of FTMT practices
produced yield strengths exceeding the expected range for either
7475 or 7075 in the T6 temper. The notched tensile strength/yield
strength ratios of the FTMf material fall at and below a linear

extrapolation of the lower edge of the band for commercially-hot

rolled 7475-T6é. The notch toughness of the FTMT-processed recrystal-

lized plus hot rolled (AR+HR) material was somewhat lower than that
of the FTIMT-processed unrecrystallized (ER) material for a given

yield strength.
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- The greater the amounts of cold rolling used, the closer
the notch toughness approached that of 7075. The data indicated,
Ihowever, that the use of FIMT practices on 7475 plate will produce
an improvement in the strength-fracture touchness relaticnship over
that which would be cxpected with similarly processed 7075 plate.
Mocreover, the data clearly indicate that recrystallized plus hot
rolled (AR+HR) 7475 plate develops hicher ductility than unrecrystal-
lized (HR) 7475 plate when given a FIMT-type practicec.

ITMT of Al-Zn-Mg-Cr Plate

Results cf the meclanical prcperty tests made on the

samples of 1.25~in, and 2.50-in. thick Al-2n-Mg-Cr alloy plate in
the T6 temper (Takles 14 thrcugh 18) show that the Al-Zn-Mg- Cr
alloy plate developed strengths that were comparakle to those of

the 7475-T6 plates and notched tensile strength/yield strength ratics

that were substartially lower than thcse of 7475~T€.

Fabricaticn of 7475 Plate feor Ballistic Evaluation

PO T TS

R

The results of the mechanical prcperty tests ané optical

9 microscopic examinations macde on the samples of 1.25-in. and 2.50-in. ~§
thick 7475-16 ané Al-Zn~Mg-Cr alloy T€ plate fakricated using ITMT "

: practices and on 1.00-in. to 1l.16~in. thick 7475 plate fabricated %
using FTMT practices were reviewed and discussed with perscnnel at %

Franhkford Arsenal, 2s a result of these discussions, twoc practices lg

were selected tc ke used in the fabrication cf 1.00-in. thick 7475 g

.

plate for ballistic evaluation. These two practices are described ‘§

in Table 21 ard the éetails of the practices are giver. in Figure B18 Vg

P

b

in Appendix B of this report. %
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The first practice was designed to produce 1.00-in. thick
plate having a fine grain, recrystallized plus hot rolled (AR+HR)
structure and a long-transverse yield strength in the range of 60
to 70 ksi. The structure and strength were to be obtained by.the
use of an ITMT practice and overaging to a T7X temper. The second
practice was designed to produce plate of the same thickness having
a finc grain, recrystallized plus hot rolleé (AR+HR) structure and
a long-transverse yield strength in the range of 70 to 60 ksi. The
structure ané strength were to be obtained by combining an ITMT
practice with an FIMT practice.

Thirty pieces 1.0-in. x 9-in. ¥ 18-in, of 7475 plate
were fabricated at Alcoa Laboratories using the first practice and
thirty-eight pieces of the same dimensions using the second practice.
These were supplied to Frankford Arsenal for ballistic evaluation.

Microstructures and tensile properties oktained on a
sample of the plate fakricated by each practice are included as
Figures 34 and 35. Fine arain, recrystallized structures were
obtained in both plates and the long-transverse yield strengths

were in the desired range.

CONCLUSICNS

The results of the work carried out under this contract
showed the following:
1. An ITMT practice consisting of warm rolling at 500°€ fo; a
reduction of at least 75%, followed by a recrystallization

treatment at 960°F, produceé fine-grained, relatively equiaxed
recrystallized structure (AR) in 7475 plate.
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Alloy 7475-T6 plate having this recrystallized (AR) structure
had slightly lower strengths and fracture toughness and higher
ductility than laboratory or commercial 7475~T6 plate having
an unrecrystallized (HR) structure.

3. Alloy 7475-T6 plate that was recrystallized to a fine-grain
size, then hot rolled 25% at 750°F had strengths similar to,
and ductility higher than either laboratory or commercial
hot rolled unrecrystallized 7475-T6 plate and had fracture
toughness similar to commercial hot rolled 7475-T6 plate but

. slightly lower than laboratory hot rolled 7475-T6 plate.

54 BRI ITA G IR I3 ek s

4, The lower toughness of the 7475-T6 plate having a recrystallized
(AR) structure is attributed to a higher proportion of inter-
granular fracture.

5. Al-Zn-Mg-Cr (Cu-~free) alloy plate in the T6 temper having
either a recrystallized (AR) or a recrystallized plus hot
rolled (AR+HR) structure had comparable strengths and lower
toughness than 7475-T6 plate with the same structures.

6. FTMT practices applied to 7475 plate developed strength-
toughness relationships generally superior to the+ of 7075-T6
plate.
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MAG: 100X ETCH:KELLERS
1.25" THICK 7475-T6 PLATE S-427507 :
-
INGCT SLAB RECRYSTALLIZATION PLATE 1 %
ROLLING GRAIN COUNT fg
THERMAL™  _ ROLLING THERMAL® _ROLLING THERMAL'® AT 750°F  SOLUTION™ gmm _ g/mm P
TEMP RGD THICK TREATMENT _ AGD  HEAL.TREAT X Y 2 _xv2 ‘%
&%

TREATMENT TEMP RGO THICK  TREATMENT

I

48h/B60FR Sopor e NONE 190 10n/B60°F  35%  3hOOF 13 8 52 5408 3
Shi/725°F #
(1) THERMAL TREATMENTS CARRIED OUT IN A SALT BATH %
H

PROPERTIES

T.8. V.S. EL R.A. N.T.S. N.T.S. Kp
ksi _lﬂ_ % % kst Y.S. ksivin. ,

804 704 161 24 862 137 386
789 687 146 24 81.5 119 301

OR
L
T
N 788 696 80 N.D. ND. ND. ND.

R Nt L T

¢

MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED PLUS
HOT ROLLED (AR + HR) 7475-T6 PLATE S-427507 -

Figure 5
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20hl;960°F}7500F 0% 70 2he/775°F » 500°F 75% 175 10ht/960°F 28% 2ht/960°F 21 14 63 18522 B
4hr/500°F
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N 805 700 140 N.D. NW.D. N.D. N.D.
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MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED PLUS
HOT ROLLED (AR + HR) 7475-T6 PLATE S-422622-A
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MAG: 100X ETCH:KELLERS
1.25" THICK 7475-T6 PLATE S-422622-81

INGOT SLAB RECRYSTALLIZATION PLATE
ROLUING GRAIN COUNT
THERMAL'™  ROLUING THERMAL'™  ROLLING THERMAL'™ AT 750°F  SOLUTION g/mm g/mm}

g L 2 0 s S
R “*,‘N&"p‘;h' SRV LT 3

TREATMENT TEMP RGD THICK  TREATMENT TEMP H8GD THICK  TREATMENT RGO HEAT-TREAT X v _Z _xvZ

ey

RO R e s,

6hr/860"F} 2h1/960°F
200/960°F f 750°F 30% 70" 2n/7TS°F ) S00°F 75% 3750  10M/960°F  28%  2hi/960°F 22 14 6D 18480
Ahe/S00°F

P

(1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE

Srea?

PROPERTIES

S ey ey s

e e A R S T S

T.S. Y.5. E RA. NT.S. NTS. Kq
Kksi ksi % % ksi  Y.S. ksivin.

SN S,

=]
E)

? L 838 734 164 21 989 135 426
G T 824 720 136 27 982 136 324
5 N 799 675 130 N.D. N.D. N.D. N.D.
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MICROSTRUCTURE AND PROPERTIES OF 1.25” THICK RECRYSTALLIZED PLUS
HOT ROLLED (AR + HR) 7475-T6 PLATE S-422622 B
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MAG: 100X ETCH:KELLERS
1.50" THICK 7475-T6 PLATE S-418967-50
INGOT SLAB RECRYSTALLIZATION PLATE
ROLLING GRAIN COUNT
THERMAL®™ _ROLLING THERMAL® _ ROLLING THERMAL® AT 750°F  SOLUTION® g/mm g/mm?

TREATMENT  TEMP RGD  THICK ~ TREATMENT TEMP RGD THICK  TREATMENT RGD HEAT-TREAT X Y 7 XvZ

2h1/960°F
F
Sh/BSOFR 750°F 1% 8O ang7ISED SO 78% 20" Bh/SSIF  25% 2 M/ 24 11 62 16368
20h/960°F Ah/500°F

(1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE

PROPCRTIES

T.S. Y¥.S. E  RA. NT.S. NT.5. Kg
ksi ksi % % ksi Y.S. ksiyim.

821 706 17 28 97.1 137 299
805 630 150 25 847 123 292
793 663 120 N.D. 792 120 290

(=}

MICROSTRUCTURE AND PROPERTIES OF 1.50" THICK RECRYSTALLIZED
AND HOT ROLLED (AR+HR)7475-T6 PLATE S-418967-50

Figure 8
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MAG: 100X ETCH:KELLERS
250" THICK 7475-T6 PLATE S-422622-G1

INGOT SLAB RECRYSTALLIZATION PLATE
ROLLING GRAIN_COUNT
THERMAL™  ROLLING THERMAL™  ROLLING THERMAL™ AT 750 F  SOLUTION®™ g,mm g/mm>
TREATMENT TEMP RGD THICK TREATMENT JTEMP RGD JTHICK TREATMENT _ RGD _ HEAI-TREAT X_ Y 2 _XW2
2 6hi/860°F .
£ 20hi/960F { 500°F 65% NONE 350" 10n/960°F  28% 20/950F 14 8 42 4704
3 % 2 T75F
B . ahi/500°F
4
B . 48
3 (1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE
*g' iy
2 e PROPERTIES
., Vs
N .'\"‘ua T.S. Y.S. EL R.A. N.T.S. N.T.S. Kq
" -ff DIR ksi ksi % % ksi  Y.S. ksivin

; L 792 686 207 27 920 134 N.D.
er T 786 674 143 28 848 126 N.D. .
5:» N 77.7 652 130 N.D. 927 142 N.D. .

3 ' MICROSTRUCTURE AND PROPERTIES OF 2.50" THICK RECRYSTALLIZED PLUS o
S HOT ROLLED (AR + HR) 7475-T6 PLATE S-422622-G1 !
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‘3 5
‘ MAG: 100X ETCH:KELLERS
H 1.25" THICK 7475-T6 PLATE S-427506 3
fir. B
G ?
; INGOT SLAB RECRYSTALLIZATION PLATE f
it ¥
b ROLLING GRAIN_COUNT ]
B THERMAL™  ROLLING THERMAL™  ROLLING THERMAL™ AT 750°F  SOLUTION™ g/mm o/mms ¥
IREATMENT TEMP AGD THICK ~TREATMENT TEMP RGO THICK TREATMENT _ RGD  HEAL-TREAT X Y 2 X £
foie — —
48hi/660°F :
b Shi/775°F P 500°F  88% NONE 125 48h/860°F  NONE 30/900°F 18 12 61 13376
’; ah1/500°F L
f (1) THERMAL TREATMENTS CARRIED OUT IN A SALT BATH 4
3 PROPERTIES
by
i TS. Y5 EL RA NTS NTS. Kq
.‘;
L 785 686 193 405 950 138 336
; T 78.7 678 171 320 840 124 293
k N 80.9 711 140 N.D. N.D. N.D. N.D.

MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED
b (AR) 7475-T6 PLATE S-427506

«. y Figure 10
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3 MAG: 100X ETCH:KELLERS
i 1.25" THICK 7475-T6 PLATE S-421675-E61
b INGOT SLAB RECRYSTALLIZATION PLATE 1‘;_
i ROLLING ___ GRAIN_COUN! 9
([ THERMAL'  ROLLING THERMAL™  ROLLING THERMAL'™ AT 750 F  SOLUTION™ g mm g mm- 4
gl IREATMENT  TEMP RGD  THICK TREATMENT TEMP RGD THICK TREATMENT _ RGD  HEAT-TREAT X_ Y 2 _XW b
e
3 61,850 2he/960°F !
? 20h‘]'960'F} 750F 50% 50" 2h/775°F p S00F 75% 125" 10hr/960-F NONE 2hi/960F 30 23 48 33120 ;
e /980T Ahi/850°F 3
E 2
b (1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING "AIR FURNACE g
H PROPERTIES Q
K TS. YS. EL RA. NTS. NT.S. Ko
. DR ksi ksi % % ksi  Y.S. ksi/mm.
L 752 648 136 40 957 149 402 k!
T 771 663 171 30 847 132 322 ;
N ND. ND NOD. ND. ND ND. ND. Rk

MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED
(AR) 7475-T6 PLATE S-421675-E61
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MAG: 100X ETCH:KELLERS
1.50” THICK 7475-T6 PLATE S-418967-40
NGOt SLAB RECRYSTALLIZATION PLATE
RULLING GRAIN COUNY
THERMAL'  _ ROLLING THERMAL™ _ROLLING THERMAL™ AT 750 F  SOLUHON™ gmm g.mm
IREAIMENT TEMP RGD THICK TREATMENT TEMP AGD THICK TREATMENT  RGD  HEAI-TREAT X Y 7 XV
2he/960°F
26""36“ T0F 35% 60" 2w/775°F) SGO°F 75% 1507  18hg960-F  NONE  2n960F 22 20 54 23760 ¥
On-360 £ ahi/500 F :
4

(1) THERMAL TREATMENTS CARRIEQD OUT IN A CIRCULATING AIR FURNACE

PROPERTIES

TS. YS. EL RA. NTS. NTS. Kq
DR kst ks % % ksi __Y.S. ksivin,

L 793 677 179 32 90.¢+ 133 324
T 80.2 685 157 22 8§21 120 275
N 793 674 80 N.D. 850 127 236

M B AN R AT

=
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MICROSTRUCTURE AND PROPERTIES OF 1.50" THICK RECRYSTALLIZED
(AR) 7475-T6 PLATE S-418967-40
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Figure 12
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MAG: 100X ETCH:KELLERS
250" THICK 7475-T6 PLATE S-421675-F3
INGOT SLAB RECRYSTALLIZATION PLATE
ROLLING GRAIN COUNT

THERMAL"' ROLLING THERMAL'" ROLLING THERMAL'' AT 750 F  SOLUTION'™ g mmn g/mnm?
TREATMENT LE_W: EEE !ﬂlﬁl_(_ TREATMENT ﬂﬂ_[‘ EES_D_ _T_iiEI_K- TREATMENT RGD HEAT - TREAT _X_ _V_ _Z. XYZ
o 6hr.860 F 10h1/960 F
71 200 960 F [600 F 50% 507 2n/960 F f 600°F 50% 2507 10he/960°F NONE 2he/960°F 9 § 24 1080 .{g
e 2 775 F /775 °F b
4t 650 F 4h1/650 F g
% (1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE «gﬁ
#
PROPERTIES 1
1S, YS. E  RA. NTS. NT.S. Ko %
DR kst ksl % % ksi  Y.S. ksi/im. ]
> 8 2 — g
L 759 652 171 28 843 120 N.D. z
T 754 648 164 24 790 122 N.D. %
N 762 633 120 N.D. 912 144 ND. g
b
MICROSTRUCTURE AND PROPERTIES OF 2.50" THICK RECRYSTALLIZED
&
(AR) 7475-T6 PLATE S-421675-F3 E
Figure 13 f
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b MAG: 100X ETCH:KELLERS
3 1.25" THICK HOT ROLLED (HR) 7475-T6 PLATE S-422622-C2

PROPERTIES

T.S. Y.S. EL R.A. N.T.S. N.T.S. K@
DIR ksi ksi % % ksi Y.S. ksiv/in.

ety
e

L 837 740 132 17 99.3 134 499
T 804 707 107 12 928 131 4341
N

ARt

761 659 90 N.D. N.D. N.D. N.D. i

MICROSTRUCTURE AND PROPERTIES OF 1.25” THICK HOT ROLLED

0 .
SRS N EREN SRR

2 (HR) 7475-T6 PLATE S-422622-C2 %
; Figure 14 :
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MAG: 100X ETCH:KELLERS
L 1.50" THICK HOT ROLLED (HR) 7475-T6 PLATE S-418967-30
PROPERTIES

; TS. Y.S. EL R.A. NT.S. N.T.S. Kq
ksi ksi % % ksi  Y.S. ksivin,

83.8 730 150 19 99.8 137 409
813 703 157 21 90.0 1.28 326
814 671 100 N.D. 853 128 310

2
2
>

z - |

MICROSTRUCTURE AND PROPERTIES OF 1.50" THICK HOT ROLLED
(HR) 7475-T6 PLATE S-418967-30

%
oA

SRy

&5

Figure 15
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AT OIS A AL AR, 5,02

R R T A T T

(N)

(L)

MAG. 100X ETCH:KELLERS
2.50"THICK HOT ROLLED (HR) 7475-T6 PLATE S-422622-C1

PROPERTIES

T.5. Y.S E R.A. N.T.S. NT.5S. Kgqg

DR ksi ks % %  ksi_Y.S. ksi/in.
L
T
N

839 744 110 12 98.6 133 N.D.
76.5 67.8 5.7 8 940 139 N.D.
73.0 602 100 N.D. 942 156 N.D.

MICROSTRUCTURE AND PROPERTIES OF 2.50” THICK HOT ROLLED
(HR) 7475-T6 PLATE S-422622-C1

Figure 16
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50 60 10 80 30
PERCENT REDUCTION BY WARM ROLLING
(.} INGOT BROKEN DOWN AT 750°F AND WARM ROLLED AT 570°-600°F
n INGOT BROKEN DOWN AT 750°F AND WARM ROLLED AT 500°F

INGOT WARM ROLLED AT 500°F

EFFECT OF WARM ROLLING REDUCTIONS ON GRAIN DIMENSIONS OF
1.25" - 1.50" THICK RECRYSTALLIZED AND RECRYSTALLIZED PLUS
HOT WORKED 7475-T6 PLATE FABRICATED USING ITMT PRACTICES

Figure 17
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EFFECT OF WARM ROLLING REDUCTIONS ON GRAIN DIMENSIONS OF
, ' 2.50" THICK RECRYSTALLIZED AND RECRYSTALLIZED PLUS HOT
; WORKED 7475-T6 PLATE FABRICATED USING ITMT PRACTICES
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Recrystallizaticn Frocedure )

2 The use of a i0-hour at 9€0°F reqrystallizaticn treatment
3 i for the ITMT prccessed 7475 and Al-Zn-Mg allcy plate fakricated at
5 Alcoa Laboratories raised questions as tc the effect of time at
i % the recrystallizaticn temperature, the temperature at which re-
f{ 3 crystallizaticn is achieved and the time reéuixeﬁ te reach the
g‘ % ’ recrystallization temperature on the grain sire of the recrystai-
é{ g . lized plate. Answers to these questions were nc” aveilable and a
.
; limited irvestication was carried out at hlcoa Laberateories to
Z; obtain the desired arnswers. In this work, 1" x 1" x full thickness
;ﬁ f samples were sawed from plate samples after the warxm rolling cpera-
g ; tion and sukjected to varicus therral treatment.
i Samples of warm rolled plate fakricated using relling g
irf ¢ . sections 421675A, C, I, E, and T and 422Cl4a, C, D, E, and F were . %2
H ¢
f{ ] heated 4 hours at 86CG°F and 10 hours at 960°F using a circulating 'ig
5 air frrnace. Microscepic exanination c¢f the samples showed that %j
g#; § for each alley aré fakricat!cn practice the recrystallizaticn pro- EJ
?é; % cedure cf 10 hours at 9€0°r produced grain lengths and thicknesses é
igf % - that were the same or less then the grain dimensicre prcduced by the §
?,i P heating proccdure cf 4 hovrs at 8€0°F. Further work using samrles é

2 AR

of warn rolled plate fakhricated using rolling sections 421€75G, E,

R Y

J, L, and T ané 422014C, K, J, L, and I in which the samples were

6

{vly : heated to 960°F in 1 minute (salt bath), 30 minutes (circulating air

' furnace) and 3 lLcurs Iprocramred heatup in a circulating sir furnace)
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showed that increasing the time required to reach the recrystallization
‘temperature of 960°F did not increase the grain length or grain thick-
ness of the recrystallized grains in the plate samples.

Samples of 1.25" thick 7475 plate, S-421675E6, warm rolled
at 500°F were recrystallized by soaking 1, 4.5, 10, and 20 hours at
860°F or 960°F, Microscopic examination of the samples showed no
significant difference in the grain length or thickness thét could
be attributed to either the soak time at the recrystallization
temperature and/or the recrystallization temperatures of 860 or
960° F,

Thus, it was shown that the use of a 10-hour at 960°F
recrystallization treatment anG the use of circulating air‘furnaces
to carry ou£ the recrystallization treatments in the ITMT work |

carried out at the Alcoa Laboratories would not be expected to have

a detrimental effect on the size of the grains obtained in the -@

TN
o)

T
>

o

recrystallized 7475 and Al-Zn-Mg alloy plate.

L e

. A L4
b AN

e
aten

,
4

%, NN e,

AR A

, F]

Lo
et NI
B e 2h A

AN g
N
ACPUNECES i

L

> ;’—\\v N “/4 &, 3
S "“““""’""f{"r

§.
‘v

TR,
&
o

&3

. I

¢ 3 o8
-1 g
+4 &

g z& \ ~”
5 BT

“
oW "3
N ’ '%
. ) ,{'?2
A i
Lo 5
3 e

fw .

L1 - ’,

K ,%

8 3

“a

;

|

+

Szé Ll

$
5

2 - P S

b e o " o _ y P
5 e % WY a A . e vt Rt Yt~ s DX p!




) %,
.

¢

T

L

3 e

X

pa
K

S

=

N

BREET

PR

S W

ALY
Rt

&,

'
i

AR

)

s

ST PR R

TR
2

(L

ket

¥

A

LA

Ao SR

S TWIE S ful 2
R At K

LR Sdnn

B

R S g
Lon

et o

o

AT
oty

]

[P

APPENDIX B

AL IR S A

LT R e

il s
b s S JC.

S

TAATEITI

87

St A S ROl . S

-,

L Rt
p

- S

i

&)

sy

AR S AN
Y o g

e

PO R P e LI 2NV I e ». 1

.

il

P Y W

SR B
N T S

TR
e

3

0.0,
o

v 54

T Ll I

o

by




TR S S TN

10.0'x D"y 20" INGOT SecTioNS
A2G1S~A
422014-A

HEATED RoomM TEMP, TO BGO°F 13 DS 1es., Soared GHrs ATBLO'F
HEATED BOOTF 10 DhOF (n Snrs, , SOAKLD 20.5 HES, AT D6OF
Coxa DWW F T0T60°F 1N 35 HRS

ARACTIS-A 422014~
Boued \Q 010 245" 1 V2 PASSES GotLen 10.0° 10 245 112 PASSES
AT 15¢"- H0°F AT 18-S F

SAED 1UTO 4 PrecES Al A2, AB A4

Heatep Room TEMP.To DR0°F 10 SHEs, , SoAkid B ues AY $6t*F
oD P FT0 VTS 10 SIS HES (Y FHE ) SoAKeD 2nes, At TISOF
CooLED 115 F To 650 F ) A5 Hrs{ 37°F/HE), SORLED AHBS. ATCSPE

422014-A2AB A4 42204-A1

421615 Al A2NENS-A2 AD A4
I ¥ ,I
CEOLED To 60CF aub Rousd 245" D 10 OOPF AL Routd 246

TC 123" 10 DPAYeS AT SH-SF To L2 1 3PASS(S AT od™-SeaF

Heat&b Roor TRHe. TO D60°F 1 ARes, | <BOMIY To BT0F
SoAKED IOHRS ATDOOCF AID Cootab To Room Teme

EBecevsratuiep Recrverauiko
O.03um 2 0.0 ]!M OO0 T ¥ 1.O MM
SOLUTION HEAT-TREATED - 2HR. SOAK, AT 960°F, CoLb WATER
QUENCHED AVD AGED 24 HRS AT 250F 4-DAYS Al VENCRING
123" THICK 1.22° THICK
421615-Al 422014-A|

| TR SR S S AT RGN LSS INAEAT TN T YT S, T WO I Sl SN B ¢ L b3
’ Bt L Yy el sl ; | P S n e gyt A

Fageications Detas For oot Secrions 421675A aup 422014 A

Figure B1

88

e L o, 3o MY n Yae s
(P TRIAET TN, Sl 3G . PR P )

PRI

4

]

AT T

Y

2

TS
XS

L2k b

B N I R

.

IR AT NG

L

4

o




¢

RGO RN

-~

Lo

L

SIS :q'ﬂ:&?i??%}f;?@w"ﬁ?@i'ﬁ R R s R e A R S R A USRS SR 4

" e ',
A N P
N
ki
1
‘

10.0"x "% 20" lveoT Secrions

421615-B
422014-8

421675 -B 422014-8

ousn To | 25" aun 2.50° THICK Reiled T 1.25"ann 2,56 Thiek
7475 T ALATE USInG THE ALcoAd AL-20-M6 ALoy -Te RATE Ustue
PrRocess HE Alon PRocess

rert ST n A T rs

1.22THICK 243" THICK 123" THICK 245 THICK
42105 -5 421615°B3 422014- B 423014-85

R s [V

FapricaTion DETAILS FOR juaeT Sections 421615-B Awp 4220014-8

e B e WA S v HALe £e7 R ACERAW T E%mr ey S3a

Figure B2 -

« s AENAD V2T VXA B v 28
A=

o et a0 U 2

et

G St arwdin Fatns T

P

X

I« et

3
4

89

.

ALy o<

.

Talaid A‘Sp‘

FAVET VIR A SR TR AR T A

N Ry R T T T o




T v-@vnswafa:«xﬂx},;gc‘,.%z? ,gw:;a SRR et E‘i’d’i@"ﬁ&"{(’ RIS K& iR

AN

100%9" 120" luGor SECTIONS
421675-C
422014-C

e Fras gt e o E e awdot

Heatep ReomTEmMP, To BOO®F 1y 2.5 nes, Soared bHes at B&O'F
HeaTed 860° 10 260°F 1y Swues,, Soacep '20.5 nms, Ay S6OOF
CooLed D60°To T60°F w3.5ues

—

421615 -C 4220614-C
Rousd 100 10 4957108 Passes Rousb 10 0°10 500" 11 8 Passes
AT 760°-130°F AT 160 110°F

SAWED WTO 2PIecesSCIC3

P IS R T

a—
N

HEATED RooMTEMP. To D60°F 10 SHRS, SqAKeD SUrs AT Q0 F 2

CooLe BGLPF TO1TSF (13 5.15Hes. (35 4‘ ME) SOAKED 2HRS AT 118°F 4

Coortd TIS*F 1o 650°F 1L 3.54es. 37*/»:) SORKED 4HERS. AT 650°F J¢

-
5€ 4216151 U5 422014-C1 42204 <3 4
I ke

Cooit. D 16 600°F Aub Rowsp Copia® Yo 550°FAnp Rou.ed CoorebTa O F Aub Rowep Coerkd To BB2F Aud Rousd Y

495%10 123" |u B PASSES 4957 ro 3. M 10 ZPnssesxr S5.00" 10 1.23" 10 T PASSES AT So0"To 245 105 PASSLS AT {§

AT612°-5A8°F 531°- SI4*F GIOP-5350F *-520°F 3

¥

b ReHEATED To 600 F Aud Rousd
A 374" 1o 2.45' 10 4 PASSES AT
3 60C°- G6e®F -

Heated ROCMTEMP. TO D60°F 10 4HRS 8 8O mins To 810°F

SOALED I6HRS AT D60°F ALD CooteD 1o Reom TEMP
Recms-mu.l uPp REARY STALID R CRYSTALLIZED RECRYSTALLIZED
D2MK X 0.0B M 0.05mMM2 O.12MM O OBMMA O.1 MM Q2MM 1L O.5HMM

o § o sen R e 3 B

Bsta e, 2

Yo

SoLuTion HEAT-TREATED - ZHE. SOAK AT D60°F, CobWATER
QDUENCHED AUD PGED 24 1RS. AT 250°F 4 DAYS Arm&w

$od it et

i

123" e 2.45"THILK 123" THIeK 248" THICK
A21615-C) 421615€3 4220\4-Cl A42201-.CD

L

[ VI

sl R e v S Tre

FABRICATION DETAILS FOR | NGOT SECTIONS 4216175°C AuD 422014.C

PO N N

Figure B3 g

ot

TR N
vt

504

TP P )
A
A
.

s

B

90

Py

SR

]

. . PR

ST o MM B ST 11 8 G ANCR T et RTE T T L ' ﬁ
i Suth i N

W GO i e o i by 58 el By o S nens




1008 20" IvsoT SECTIOUS
4216715-D
422014-D

Heated Room TeMp. To Bo0*F 1o 15 Hes. , Soakep THRS AT BEOF

HEATED B6O'F T0 D60°F 10 SHES. ) SOARED 201ES AT 260°F

Cooep L0 Fro 760°F I 6.5HEs, (32°6ur) SOALED ZHR.AT T60°F

(ooLLD T60°F T0 6S0°F 14 2.5 nes, (45°F ME) SOAKED LLHES ATESCF
Coorsd To Room Teme

REHEATED To GOO*F

| :

421615-D 42201-D
Roued 10.0" 1o 245" 1 12 PaesES Roweo 10 O ro 245 "1 12 PRSSES
AT 610" 605°F AT QII°.603°F

SAWED INTe 2PIEcEs DL DD

I o
l

HeaTED RoomM TEMP To DE°F (L4 HRS, BOMIS To BTOF
SOAKED LOHRS, AT DEO°F

A2\G15 DD 42161S-DI 422014.D1 A2204-D3

Goon g0 10 Room TEMP. Coorted To 150°F Coored To Room TEHp, .

RECRNSTALLKRD Roueo 248" to 22" v D Roued 245 To 122" v 3 PARTIALY RECRYSTAWIXD
Q.05MUAO0TUMA Paeses At 158°- 60°F PASYES AT 1207 640°F o %n.ex S;ezucvoea
. Mix O, 2w

OBpmz >l MM

SOUTION HEAT-TREATED - CHR SOAK AT 260°F CoLD
WATER QUELKCHED AuD AGED ZARE, AT 250°F & DAvs
AFTER QOELCHING

1 ' Y

2.45" THick 122" THIKK 22" THiek 248" THHK
821675-D3 421615 Dt 42201.Di 422014-D3

A

B .

A .

ke FaBzicaTion DETAILS FoR INGaT Sections 421615-D Aud 422014-D

B, H

3 Figure B4
E

[ = ;
- 91 :

s

sy
TSN

A

4

“~
Sz, &‘VN"‘E‘? At \3{‘“(‘,"“:' !l.‘,.'f),}", ;',3",':.\.' 'Q%S ".4"@'0:4 A
ST A N N P I N T R T T N L T T N PP At T

i




e I R e

10.0'x ®" 20" |NGOT SecTions
421615'&
422011- €

Wearev Boom TEMP TO BEO'F uD.5nRs. , SOOKLD GHes. AT 8P
HEATED B0 To DCOPF 10 SHEs, , SOAKED 20.5 HRS, AT D60°F
Cootd DEO°F 1o 1600 F 1) 3.5 wes.

9 BRE ots eten e etr WA

EPe

s avon ™

A

421675-€ 422014-E -~
{RoueD 10.0"10 495" 1L BPASSES AT Rowed 10.0" T 49510 B PRSSES AT 3
740~ 720°F TIO°- T20°F :}
\::‘
SAWED INTE 2 Peces ELED =2
| 2
HEATED Room TEMP. To DELFF 1L SHES., SOAKED SHRES AT KPP 5
Coole b DECOF T T1S°F 1L 515 nes (3S°F/HE), SoRKEd 2Hps. ATTISPE 3
CooreDd 115°F To 6S0°F 10 3.5Hes, (31°F/1R)  SOALED 4HES ATCSIF K
I [
&
-3
42615-E1 421615-E3 422014-E 422014-E3 §
3
™
Cooteb 16 €0O°F, ano CooLed To Room Tenp, Cooeb 1o SSO°F Aub Powed Cooted 1o Poo ThH P , &
496" 15 2.44" 10 4 PASSSS 49510 2.46" 10 APASSES i
AT 6I0P-BPF AT 550°- 520°F 2?’
Rengatep To 600°F aub Rowsd 3
Sawab wto 2eieces E5 o T R % Phoves %
AND OLE END TAPER G D ATGO1%-SRCF ~E
I 4
421675-E5 4AUGLIS-E6 b
‘\:
REHEATED TO SOO°F ,;‘:j
| | K
Eouep 495 10 1.6 Rowep 495 10 12" s
UHLG O.2" RTDUCTINS USILG O2° REDUCTIONS :
Per PASS AT SOO°F PER. PASS AT S0O°F ;)
j 5
HEATED Rook TEMP, To 2 F 1n 4HRS , BOMIS To B1OF :
SOAEED \DHES AT D60*E l
Cooted To 1SCF Ao Bousd e 1o 1SOF anvp Coosd To ReomEnP  Cooreo To Boom TeMP CooLed TO TSO°F A D BUED ;
244" 7o \.22 10 B PAILES Roudp le"ro1.2" | 245°7T0 1,22 10 3 PASSES AT
AT 150°-618°€ WECRNSTALIRED BECRYSTALUTZED 75¢° - 6SO°F
~Q0ZMMIODIoNS, QDTN OZp ;
RECRYSTALUITED RECRYSTALIZED PARTIALLY RECRVSTALLIZED f
O.05MMAONZMM 0.0TSMHAD.O5MKH OZMM K 0.5 H
1 @
SowTiow HeAT- TREATED, 2HE Soak AT D60°F, COD WATER
QUELCHEDALD AGED 24HRS AT 250°F 4 DAuS AFTER QUAAXHILG . 3
A
122 THick 22" Tk
42I161SE| A4220\4-E3 \

TSP SR YT, DA (L e
'l (s R {75 N

Y

120" THICK
421677158 6)

L20"THICK
A1 CTSES

FABRICATIOL DETAILS FOR 1GoT DecTionsS

PE TR RN I VIR L L o N F TN Vo N

421675S-E Aaup 422014.-E

AN e sdrins Mane e 7 AN T Wi deKvas Y Sas

Figure BS

s Ay Leter

Bews 0 AT @ .& J N PP PR ST IR PR Y

AL

Ty s




3 R'PZ{'&-" @»"“‘W» W@.EJQ%WM‘K@ W‘Uc'?z:;:f E R R (i Frgd

16.0x2" ¥ 20" InaeoT SECTIOVS
421615 R
4zz0\a-F

Hemated Boom TEMP, To BLO°F ws™l. Snzs SOAKED THRS ATBLPF

' HEATED BEO*F To D60°F 10 SHRS, SOR HRS AT 9O°F

COALD DED" F T0T60OF 1L 6.5RE. i’av nz SOAKED SHRAT KOF

Cooib TE0°F To 6SO°F 1 2.5H®S (A4S F/HE) SoAKED I HRAT G
Ceon=-b To Room Temp

REHEATED TO ©O0°F

y

42\61S-F A2 -F
Eouep 10 o-ro4~as |L)3‘PF\9>E$ Roueo \0011;494" mBPnsecs
ATE\3°~ 6099 F T &R°- 6O5°F

SAWED IWTO 2 P1ECeS FILFD

. I !

Heated Room Temp 1o D60°F 1o 4 uks, EOMws‘rb R2S®F
SOAKED b HES. AT D66°

' Y

_ﬁal(—.ﬂS-Fi 421615-F3 42204-F3 42204 -F|
Cood 16 150°F s> Bouep Cooved To Room Tem®. Cooed To 1SO™F anp Rousn

495" 10 2.44" 1) & Dasses l I 494" To 204" w4 PAGSES
AT 40°% 1o fF AT 140°%- 6 T0°F

PRRTIAUY UDRECRNSTAUNRED PARTIAUN UL RECRYSTALITED
O AMMUx D.2+H1M PLEX STRULTRE
l QieMr X O.25Hu

2L AR P,

HEATED RoomMTEMP To D60 \USHZS( SOAKED LOARS AT 96O F

CoAeD DeOF To TISOF v D.Swuwes, (A0SFMmE), Soared 2HRS AT ISOF

Coote® TISOF 1B SO F o 2.5URS. (SO%¥/HR) Soaked 4uRS AT 65O F
Co0ia © o Roorm TEMP.

I I

PeREAT&D TE BISOF

Boued 495 1o 2.458" 1w 4 Roust> 494" ™o 245w 4
PAsses AT $15°-S6b°F Phsses AT S16°-Seo°F

HeATEDd Boom Tem peraTURE To %o'F sonceb VO He AT SCorF
CookeD T ROOM TE

SoLuTIcn HEAT- TREATED, 2-3HR SOAK AT D60°F, Lot WATER
QUEWNCHED AUD NGED 240BS AT 2SO°F 4 DANS Ame.auemmua

Y

244" YHICK 248" THICK 2.45"THKK 244" THICK
421615-F1 A2\ 15-F3 42204.F3 4220M. F)

===

Fapeication DetaiLs For 10eor SECTIo, 421615-F Aup 422014-F
Figure B6

93

WA W TR M A BA M IETITET L | 4 52 T Nt At ™

Tn erre o Eat0sh e NAMEUGLGANIRS 3 they @b TBTAYT (A W

et

GV SRTD DN SR AN TAAVD A LBSARAT WA Pk (5 A AR S s AT A St

R




0.0 D"k 20" \neoT SeCTioLs
4A2UG6I15-G
42204 -G

Heateb ROOM TEME TO BGOF 1w 1.5 RS, , SOAKED THRATBL'F
HEATED 860°F To S60°F 1 SHes. , Soaxe ZOWRS. AT S6OF
Cooian SL0"F T T6OPF UG GHRE TSIV IR SORIKED ZHE AT T6&%F
(EOLED TECPF 1O GSO°F (b 2.5 nes. (ASPE/|R) SOAKED [ HE AT 6SOF

COOAD TO Room TEMP

421615&

RoueD 1O O'ro 3.50" 1, |\ PASSES
AT S10°-5CCE

ReHEATED TO B1S°F

nod

3
i
{
3
H
b3
3
3

4220\4-G

Rouen 10.0"to 350" 1w M PASSsES
AT 510~ ESOF

l

SAWED IWNTO 2 PIeLES &1, G

iyt it i at e

42\615-G) 42201441

Hearer Room TeMP. o D60°F, SOAKED \O HEes Ar DoPE

|
Coowep To Roomt Temp

RECENSTAUIZED
0.0BMMEO.ISHM
e aaa———— ]

CooLes To TSOF ALD RouLd CooLsd To 1SCPF Avp Rousd
350" Te 2568 AT TSO°FE S0’ To 2B0 AT ISQF

SoluTion HEAT-TREATED, SHR SOAK AT DHOF, COLD WATER
QULELCHED AUD AGED ZAHRAT 250°F, 4 DAYS AFTER QUECHING
2,60 THICK 2.50 THILK

4216Y5-Gl A2VN.GA

st Wotak, ©

Aty o

1
Coored To Roon Tene

CECENSTAUNZED
OAMMA >l M
e S

Y RIS A s et oV 4 D3N

FABRicaTION DETAILS For lLuGeT SEcTions 421671S G aub 422014-G

X :}tw"w: S

AP GATE I W 2
i o o e

Figure B7

94

o s

o « N ¢ s
R R R )

\\? 5

SR e e e i R A R R

SUF S

c'ﬁv(
2

ot

~

SR e




.1‘ 33 B b s v i s s e e jlasiib snis ot R R e o REARE S G e e A et i TR T SR SR AT e o
4
H
B, 10.0"%x D" x 20" {veor SecTous
2 . 4216715 -H
5 422014-H
9 1
o £
] HEATE D Boom TEHP, 10 Be0F 10 1.5 nes, | SOaKen 10.5- 12HRS, AT BHFF
E : HEATED BECPF T DEOF 10 4HRS. , SOAKED 1D -20SHRs AT D0CF
B EOTO Poom TEMP,
v
" REHEATED T TISOF
N
I Y ;
25 421615 14 4220M-1% i
B
4 Buep 100" 10 8.0" v D Passes Roues 10.6" 10 B.O" 1 S PASSES %
AT ISCP- T40°¢ AT T1S0°-130°F

mb RoomM TEMP, T DoOF 10 SHRS, SOAKED 1O HRSs. AT BO°F
° 9@°é-‘m'nsm= w25 nes w*/nz)gmm AT TISPF
Coted 7ISOF To 6SO°FI TS aes LSOPF AR, SOMEDAHRS AT ESCHF
GOLEDTO RRom TEMP

T et B Sty A W Sl S A 0 . e s el

VPN NI R TR W et L 4

Rewermed 1o S1SPF 7 4
Roued 8.0"1o 2.45'm 1O pASSes RLeo BO'To 245" 10 10 PASSES 1
AT 1P~ Seo°F AT 515% SeCPF i
¥
i
HEATED ROOHTEMP To DE0°F, SOALED IDHES AT SGOF Pl
COOED TO RO TEME : 7
i H
K
FECRYSTALURED Parminie RECRNSTALLIZED <
OO IS MM DoupPlex Steucwoee L
Ol Hr X OM pna 1A
O2ZHM* O.5MmM 1
| i
[
TOWTION HEAT-TREATED , SORKED Bues AT D60°T, COLD WATER i
QUENCHED AUD AGED ZAHRS AT 2S0°F ADAYS AFTER QUERKK LG o i
-
245 THILK 245" T™HIZ I
A216T5H 4220¢-H iy
O
i
iy
13
P
A
N 2 ’:
7 FABRICATION DETAILS FOR INGOT SecTions 42167SH AL AZ20I4-H i3
Figure B8

R\

R ST S R PR AP N & UL R O R TOV SOTE S PIY

RN

Lk e 2 8 LEENEY M

ST NN T '-“'Q""'!f'!"*"?'” *‘7‘,".:5‘:‘.4&’ 4""*‘-“ 7y thy
S RS it L e TR Yt T LY




-.]‘ -xm.‘;qwmv f‘?ﬁ@&\«’,’

4
8
%
i

R vt s gyt

2

AT N TR

Ak 2 L et T TS
.:a bl L

‘ };-v:u:

T
RN

LA

TP

R S

N
3,

A serrt

N I R R T R R T s

10.0'x2"220" I1NGOT SecNovs
421615-1
422014-Y

|

HeATeD Room TEMP.TO TSOOF 1y & Hes, , SOAKED 18 Hes, At 150
COOLED T50F To SAOF 18 3.5 Hes USSF/ur) SOAKED 4nes 500-51F
kD 10 Room Temp

BEREATED TO SIS®F

421615-T 42204-T

Rouep10.070 4.20" 1u D Passes Rouep'0.0'To 430" 1, D PASSES
AT S15°-SA6°F AT S70°- Sea*r

oy s AT AT T W TI RE A AT By BT LGB RTINS R IR L t
b a MG i WLNP S P AT ki S Sty -y

ALUGATORED CUT WTO 2 Pieces 11,12

42204.11 42201412

HeATED RooM TEMP. TO B6O®F, SOAYED 10 Hes.
AT BeOCE

CooLED TO TSOPF ALD ROuep 4.20"To 280

SOLUTION HEAT- TREATED, SOAKED 34RS. AT BEOAF
CoLD WATER. QUENCHED AND AGED 24HRS AT2ZSOF
ADAVS AFTER. QUENCHING

z&ium:
A2P014 Tt

FABRICATION DeTAILs FOR 10GoT StcTions 421675-1 Aup A22014-1
Figure B9

96

Mot T s S

NI T W SR T B saD e S R SRR W r i

e CRIP 2 P AL TRkl TOsoitened SIRE G cd Y

CAIIR N AE TR e R AE

et

L )

R

s e

Yy

o e

R ATt

g M . en

.
W A eh S e d ot wlan v o W s

PR

T ¥ 5 SV



AT TENARALR £ Taar et e et w2t G AT s SO A PO

10.0"x " x 20" 1WGOT SECTIONS
aZ61S T
422014-F

Heatrep RoomM Teme, To BEO°F 1v 1.5 Hrs, SOAKeD \0.5-\2Hes AT BLOSF
HEATED BUPF To S605F 10 4 HES, ; SORIKED 19 20.5HRS ATH60F
COOLLD TO %MTEHP

&ggﬁbtgﬂscﬁ’_

426153 _6220M4-F

Rouep 16001010 S PAS&E Rouwen (O 0"1'0695“ 10 S Passes
AT 1S~ 130°F SO°-T0PF

| ¢ |
SAWED WTO 2 PIEces J1,32
I i
HEATED Room TEMP. TO BLOCF (o THRS, , SOAKED 31.5 nes, At BUOFE
HEATED BoPF To DZOPF 1o 2HRS, Cotled DWOF TeTTISCF 10
. T Res. (\5°!—/nr¢_2 SOAKED ANRS, ATITIS*E
(OOLED TIBOF To man 1ot ores.( (20F/ne) Soacen 4Hes
CeHeATED TOSISPFE

£5. ATSOPF

42161531 LXYAIS Y- 422014-J\ 422014-32

DUed O o 2AS IuD RoUed 10 To 345" 107 outh €9'ro 248" N D Roueph22to 348" 1w 1

PRSSEL AT EROP-500F PASSES AT 515P- 5600 & PasSEs AT SBP-EL0°F Passes AT 510°- S6o°F

HeAte D Room TEHPERATURE To D6LPF, S0AKED LONRS. AT D60°F

b To Reom Tenp

Cooed YO TS0 FALY

Coa.sb'ro ROOM TEMP. COOLGDTO'I SOF and
Roued 345"10 250" S"To 250"
RECRYSTAU.IRED PeTiawy [ZELI‘!SI’AU.I!&P
©.03MMU X O OBMM EuPLsx STRULTLRE
Sowrion Hs r-'ﬂzek‘mh, Sue SOAL AT D60PF, COLD WATER QUELH
ALVD Z4nues. AT 250°F 4 DAYS AFTER QUENCLHING
24 THIK 2.56 ThicK 245" THICK 2.50" THIKK
P 5;\915- M) A21675-A2 422014.J\ q zzt_bld-.lz

Faprication DetAis FOR loeor Sectiond 4216157 auvp 42204.7
Figure B10

97

” - - e DRAY R AOITIRIRS o DEBRCODR 0 b T R LE A AYOTIR LS b

(AT ) o s

ST B Wl “

. i o

T

s .

i e .



O ———
CRY RS

oy

St
o
%

10.0"29* 220" (veoT Secrons
AG1T5-K
Azov- K

HEATED Room TaMP. 10 B6O°F 1 THRS, SOALED 31.6 ues. AT BLO'F

HEATED Bo® FTo ®20F 1) 2HES.) Cookd F20°F 16 1I5°F 1o T HES.

(I5SF/ue) Sonced 3res. At -rls-r CooLeD TS F 1o BOOYF s 1e .
eS(17°F/ne) SoaKen 4 RS, AT SoovE

o

{2

42\15-%K 22014. ;
Rousep 10.010 360" o 32 PAYLS UL 0.0 To 3.50" 1y 2D Passss 8
AT 480" 42CPF At - X i
2

!

AWIGATORED DAWED 1uto 2PIEcES K, K2
j

42200-K) ARO4-K2 .

}

{

JHEATED Poom TEMP TO B0°F, SOAKED \O HRs ATBSF {

4y

3

RECRNSTALLIZED -

Cooled To TSHE, AnD ROULD wDSAMMX 020 !

350" To 250" ]

H

SOULITION HENT TREATED, SOAKED SHRS ATBLMF }

COLD WATEIE QUELCHED AND AGED 24 NRS
AT 260°F 4 DAMS ATTER QULELCHING !

S & AP ok S

2565 THICK
4T84 K\

e———

AT 11t Wk on? TV Xy Dr SNy RIU e 8

FaBRricATION DETAILS FOR {wGoT S ECTioNS A2167S K Anb 422014-K
Figure B11

o A a e e i v o e Ak o i e Az es

<ebundird et LT v

et d, sy

R T it PR NS N e U e S T TN AN, Tat

98

i

5 X

“

E]

%

5

7

*a;*‘c' NN it mewmm:&wm:mcm; 'rf ‘»} LW L L RS A R Ha Tt Ly Yl SR g “;1»
A 2 T P S G A 2

L SR Al b o SN NI oo, i s s 2 et i b



2 ey Ay A ~ N B -
SR ETNED, AR I T R

:

;

i

{

100X DX 20" 1VEOT SecTons H
421615-L

42201-C :

HEATED [oom TeMP. To BEOOF 1y THES , SORKED 31 S Hps AT 860°F

Feated BAc°T 16 220°F 10 2urs., Cooed 9200 To TISOF 1L THRS.

US*F/de) SOALLD BHes. AT T7S°F, Cooed T1°F 1o B00°F
1ones (V20F/ip), SOALED 4HRS AT GOO®F

Y
2U6185-L A220M-L
Roued 10.0'T0 3.50 10 B PASses AT Roweplo 0" to 240" s 38 PAsSES
ABR®- 400°F AT GO0 46°F
gu.\caw

AL ED 1UTO 2PIECES LI L2

Y Y Y v

496175:11 A21615-12 420M-2. 422014 4
HEATED Bcom Tene 1o BoOF, SOAKED 10nRS AY S6CHF
z
53
o Geowep 7o 1S0°, Awo ROUED Cootd To RoMTEHP DT RO Temp
o 2.50'to 2.5a" +
. RECRYSTAUIZED PECRYSTAUIZED
:; O O5HMI0.2MM . Qo’w\nxo.an

SoLUTION HEAT-TREATED, HOAKED 3HRS AT BOOF, LD WATER QUELXHED
AND AGED 24 MRS AT 250°F, 4 DAVS AF TER OUECHING

250 THier, 2548 THKK
e, 421615 42014 -1

; FapricaTion Details For 1wGeot Seetiows 421675:-L Aup 422014-L
Figure B12
,4

«

by %
.
r,f B

L 99 ¥

“exd

’) g

» %

2

H

i

S

SR

. 2

ot L i e ek - ok b B s . , - ,
Yiianik SiL ki, P T R SOk PRI W 3 B I N b+t sna s 1 b BB b AT e ol

: %, S 9 TR S U g7 BT S LA N1 AN R Pk, w
e




T
e

s T T oy
R T RO SRR i E\,E"«p\“-’&ﬁ.“!- WAV B

100"'%xS" 220" WeoT DECTIONS
Q2L TA

4226228

HeaTeDd RQoor TEM P, To BHOSF 1y G.5SHRS., SOAKED GHRS AT 86cPF
Heated BOSF TO DOOSF 10 BHES., SOAKED 23.5 HES. AT Q6O*F

Coowsts 10 TSCE
422622A 4226228
PouULD 106716 6.93" ubiNG O.18" ROULD 10.0° To @.92° Usiue O115"
RebucTions PeR PASS (4 PASSES) AT ReEDLLTIOLS PLR PASS (A PASSES)
JBOTF “AT ISOCF
BO TOUBLE TAPER T 1.5 SAWED &8 SAuleD tuTo 2 Plecas Bl B2 aupa
ONE BND 24P DOUBLE TARER, TS LB" SALED G

ONE BWD OF EACH PIECE

42262281 40202282
HEATED RooM TEMP 10 D00°F 10 BHRS,, SOAKED IZTHRS AT O60PF HeATen RootMTermP 7o 9%60°F 1w 25urs
CooLLD DEO®F To TISF 13 4.5 Hes (40T MR ) SOAKED ZHRS AT T1SOF SORVED THRS. AT DECPF, (OOLD Dbo*Fro
Cooled T75°F to S520°F 1 1D HRS.(12F/ur) SOAXED Shts 520 S10°F BSEF 0 0.5urs.(220FMr), coos®

B50°F To SIOPF w0 TTues. (42FF fne
LI HES. AT S 16PE ALD CONLDTD

Roued 69810 3.60" usiua 0.2° REpUCTIoNS  ROULD ©.92" 1o 18" LG 0.3"
PER PASS AWD 3.60" T0 1.T1S" USING 0.3 REDUCTIOLS PER PASS At S00°-400rF
REDILTIONS PaK DASS AT HOO®- A0 REHCATED L6WES AT S00°E

Rouad ©22"o 115" ysinG 0.3*
O
HEATED RoO M TEMP To DO 1w 2HRS. (60 Miu T BT10°F) SonkeD /3.5 BEDUCTION S TR PASS AT S00°400F

HES, AT Db *F AD coolLab To ISO=F

Buen 115" 1o LA v Rouen 115" te V" usué Heated Room TEME. o D00'F 1 2ue,
OB "RECT I0LS PER. PASS AT O.2"REDUCTIONS PER PASS SOALED \ORR AT D60°F Aub (ooteD
18P - T00°F AT 1SO"-NO°F To_1Sc°F

Rowue 115" 1o 1.22° usiue O3
RepucTiows PR PASS AT 150% TI0*F

SoLution HEAT-TEEATED 2HR SOk AT DeOF CoLd WATER QUEGKD
AGED 24 HR AT 2SO°F 4 DANS AFTER R LUELCH ING

f

1.22 THICK 122" THuk W' THICK

422622A 42%22-B) 42262282

FABRICATION DeTAILS FOR. INGOT SecTions 422622-Aanp-B

Figure B13

100

WS

IV DITREROINE LRIV DAY SRS D R APTYY 38T P RTINS i “

i d o e .
s v PR

it AL AN o bt Ak i Chiar

L S e R O I Oy PO IR P LS N /-

N Tt

Y ST e KAV EE S Ssdtn

2% A R 2 ottt o

sk

L)

R
»
Az
H
4
b
P
b1
i
te
:
ki
£
F
M
3
P.i
R
"
5
3
bt

o s

e

ALE, il

;

N

ERTATERN

el

e

g
el

Uity



SaN 1 T T T T OGN
. P o I P O S S e <

29

]
i
{
3
i
1
w 2 - 4
10 0" 2™ 20 lueeT SecTion :
422622-C :
§
i
i
FABRICATED TO 1.25" AuD 2.85 ' TRicKk 7475 Tk :
TE VSive Acoa PROCESS i
§
¥
3
3
!

1.24" THie < 245 rTvick :
4226222 42622-C1 !

—w
MG ORRZAT AL,

AR

Fasrication DETALS FOR LGOT Section 422622-C -

r\

3 ) ) x
SN Figure B14 s
' .o
,
e N !
%

v.'. 3

et e e
-

= ‘e
B i
5 [
% i
s
P [
s !
4 e
e < o
5. . i
s N N
% i
ks g
K ;
? 4
. H
H
i
H
i
|
H
4
101 i’
.
d
B ,%
g
L s T TR : PRI A S G WS T QORI o, AN e A 0 : o
i B, NI TRV ) s i Lt Y T NRINIR y




P M B S S A S N P S T

AR ORI

B R P s I i D
’ A G A

100" D" x ZO" INGOT BECTIOUS
422622-
4727622-G

»~

30° BouBLE TAPER T6 1.5 SAWED
O OVE ELVD OF EACH SECTION

.

HeATED BEOMTEMP. TO BOCPF o 6. SHES, SOAKLD GHES AT BIOPF
HEATED BECPFTO DOOOF 10 4HRS , SOREED 25HRS AT D60°F

Cooie o DEOOF 76 TIEOF 110 4.5 HrS (A0PFAR), SOAKED ZHRS AT T75F
CooreD TISOF 1o 820°F 10 13185 (11°FAR), SOATED SHRS AT S20% SIO°F

R R T g R

422622-& A2622G :
b Bouen 10.0"10 \11S" usivG O.3" Roued \0.0"1o 348° LsiuG O.a" !
. BEDUCTIONS PER PASS AT S00°-4DC°F CEDUCTIONS PER PASS AT SO0°-490PF
4 ;
% SAWED 1WTO 2 PAECES ELER SAWED INTO 2PIELES GL,G2 .
4 . K3
o fj
§ ARGRE] 4eUs2E2 4222262 A226226! T
i ;
i ReHEATED To ScosF Avo HEATED RooM TEMP. TO HCOF 1 ZHES. (60 MisTo BIF), SoMED 138 u
# Bouep LS‘IO%.}Q L22"AT HAES. AT 25°F ALD cootad TOTISOPF
5 * 3
k ¢
. Heated Roor Temp. 16260°F 1 Boueo 118 Te 122" Lsiue o Roued 545 o 245" usive ©.%" 3
3 2HRSE, SOALED \DKE AT DE0OF LEDLLTIONS PER. PASS AT I6CP- 1OF REMXTIONS PER PASS AT TP T2OF 4
b Ceoigd To Room Teme 3§
”f SoLuTion He AT TRAATED, 2HR. SOAK AT DEOF CoLD WRTERQUENCHED E
4 AZED 74 uR. AT 2SO°F 4 DAYS AFTER OLELLHING 4
¥
b 2
B> 1.22" THek 122" THILK 245" THeK
b ATp2-E) 42%U-E2 4222201
3

3

By
:3!'

FasricATion DerAils Fol lLeoT SECT ws 422622 - Ao -G
Figure B15

- ST
SRS TR

% el e s s, T an 5 o o RS . . . .
T BTN SN N 5 LI 1 YN R I Beoe SRR s T 2R S0 R

b
i

-k
ot :3'1
B
2
T ]
¥ H
¢ ?
4 Z
p 3
3 H
"
[ 102
; ,
o "
0 E:
{ B
;
- 3
4l
F
.‘
"f v
7 e . »f
" S, o i i Al i & WWNW‘H-QP',” MRV S g P8 LS Jih (f B 105 VLS 14tk Tl Ml 271 O " Ao
g ol gt SN e AN i YR g SR NE e Ll N i £ 5 - " . . e
L)X oS LRI T PR ki e L b




a
*3
o

S e Aushard el oy
AR s VY

St

Ao s,

s

GG

«.

s
g
3
e

.
,'ﬁt £

R T ISTTTETY

4

T 5 AT ey
R T A P TR

g

3-925"x6¢22" lLeoT SecTions

WG T ,va-:wm“ ™
S T R R P T EEMER e T,
< AN TIIRN SR

HDBD67

I

Y

| SeCcTioNn

Fapricaten ol SO THick
RATe Usiue THME Avcoa

v

2 JECTIOLS

PrengateD bHE Soax AT BEOOF Puus
ZOHR. SOAK AT DEOOF, COOLED 1o TISCHF

3
k-
b
=

B ;\'
b

PrRACTCE I
{ y
| seEcTiou | SecTion
Bouweb 1o 6.0 AT Rousoto 8.6 AT
TS0 ~BEY, RedylTion TSCPF- 14% BEDXTION
BorH ELDS OF SLas Bevelsn AnD Suam Reneswd
CHE SOAK AT Do0PF, CooeDd DECPF To T1SPF AT 5O°F/ e,
SehgeD ZHR AT T1=°F Cooned T1S%FTo S0CPF AT
SOF iR AL S6AdAD 4 HE AT S60°F
Roueo 16 1SS AT Rouen To 205 AT
BOPF - T RedDuLTion SO0 - 1SYRepuction
Ceneated BHR SOAK AT O6o°F
Cooed To Room Lot To TSCPF
TEMPRRZATURE AWD Rou s> To
- 1SC' AT TSOoF
285% Reducnion
THERMAUN TREAYD To PRobuce SoLuTion Heat -Teeater 2He AT DEOSF, ot
THE To Terper WATER QUEVLHED AND AGED Z4AHR AT 2SOF
ADANS AFTER. HULENCHING
\

S-41B%W7-30

$-418961- 46 S-418967- SO

Procevures Lsep To FABRICATE .50 THICK 747S-Tb RoATe

Ll it iy o s T A A AT A 2o % j;z WU LB ARSI T o SN < Wi "
i m“ s g - T ’ P

Figure B16

103

) “‘

P R L T T S

oo

LV A e TR Y LA 28 5t b L pmer

el

Lo

- A L s

SR b A R Bt SAI A U r e aea e o>,

% et obe Y L R SR A 5 S At 1

I SO

ety 1%
VENLT A el

<o,

onieavr it sk,

Foder trouiy Kalay

>

MoraNa b aaa ﬁ

£

€

st kel oty J o o3 T

Y
-
K-
.
¥, e
e of
"l




a3 fvg.g.ﬂ&g

";,. :‘:-‘ll\? e iy

PP A Lo e T

119 anbid

20V SLPL FOIHL,S2L OO $37UNAG LWL

IIVOVAT QL QIS() $IANAI0Y

2€ ~TR2IRY oIy RN 2Ry 2 TRy QL-20292%7 21N -2y O1-272FR2Y
2¢- Yy le-verrey Q-WZORRY 22-vIy -vaIry R-VE2ZY22Y 21-Y229RYy w-yRn2ypy A-Y229Y
I | | | | |
SICON V2. a.uﬂazo_ NG SJ0 b2 SYoa A SN S S300 YZ SBOOHDN SUYRHE
A N I N D AN S

Ro0S2 Lvavdy AANS QoOas

TAT®@) 001 35T 2I22I2PS Rl W) 01 221 2D7IRY-S
(92) #OONQULBEL'I VI2IRYS (BYO) ¥ AL LTt W2292P-S

1 }

TRE6) Wit s20a2'1 DRIRVS
(w0l gariargezn nys

»

|

SOORINI0D IR IV SAAG 7 2022 v RO v

HITGOD PIOM T00 § 16096 WVINZ PUVIIL- LN oUMS

So1ouad Yoot 29229Rb-5S
GMQY JORPERITISNIR] vRILY-S
31Nd SLHL 201HL S

104

I
L A

‘>

inact pa i gy o2t

S AR i e A
gy b N

P
STt 1

e

.

LF O ,lv!';"',).,':!

3. oeer
o e
LD

TERFAPA T L
o T gt e 2l o

P

T TR ORI R NPT

] "3

s

N




T WOMFELIR PR AN IO R LRy e et

/6= 10'%9Vx 20 25" I6OT SECTIONS FROM
12"2387475 /116073 S-Q22622 A,B,C.

FIZEHERTED ENR mznrew'}‘ms 2008 Sonk
A7 G60°L, CoxdD TO 750°F

BYUED To 7.0 Ar 750°F uSinG O.75 REDuCTIONS

et Gt a7 S r Bt A A LI 254 ST AR DL s T B A e e 2T e T e [R5

R PAS3. 30% Ledvcrior E
Bori 6VDs oF [P ING SLABS TARRED T /25"
/ K 09K AT 260", oceD I 7077SF .
rso- o 2ne AT 57595 cantep 775070 :
540'/"47 mpdyd AT SO0*F <
P
v b3
LED T0 /. 25" \r SOO%F LUSING 185" 4 r 500 L3
o3 s e G .
2% 7on) 72% mucr/au :
| }
Lerenred /0nR Sapk Ar 960 Ceored ,
7O 7SOk ) 3
RAED 7O LOO'Ar 7SO°F Umi BoueD7o /.13 81 750°7 u.sws
, 25" IEDUCTIOS FER LSS O.25" RELUCTIONNS Pdr PR
2% LEXJcrion) R22% etpuonou

SUTI00 HERT - TREATED SHR SORK AT
DD AWTER DUEICHE. ” 260%°

RGEO 24Ke Ar 250°F
CAL LG eosdne HecD GHR AT 2200F

cad Goued ro 1.00°

S S St s Ve S e B K 2 b m i s vt A e e

422622~ /2% FEDUCTION !
- ARGED BHRAT 2500 F S
Azzezt -2 "
P
Procepores USED 7o FABRICATE 1.0C THICK PLATE FOR BALLISTIC EVALDATION ; %
L3
Figure B18 ;
P 5
4

.

o
N
A

ol .
et an el BN o e Skt 9 s el d

E 3 At
ALY

Yo
W

R
.
I

ST T CAar 2 SAGOTEINT o e 3R LdaTY 4RO TRL ot TITIL T T "

Y 0 e ib oy N s i i A ey e gt O T R ROy 2 TR W R P e n)




i

S Py SRIVRE st i 1 ™ T
RN et e Mt TEL it SITERE SR AR MR iy o+

e LSy x " " 7 ™ 5wy
SR Lo B Ny S MM AP AR A o P e
N A N >

Short-transverse

NOTE :
specimens from plate

Specimens from plate

small flats on threads.

douch-Tip [maliuc
g 0.0005 ir.

oS

Sharply Nntched Round Tensile Specimens
{1-1/16-31n. dia.).

Figure C1

107

R I L i bl d A L PRS- THA AR Y SRR e n
s B e Lot r‘f.,:afzﬁér Sk e A
A SRR "

thinner than 5-1/2 in. have ;
shortened reduced seg¢tions, :

thinner than 1-1/8 in. haveQ“

e L L

EAER A DR LA T SO PR

34

L

Sy

PRCRIIEN

R R R

NS ¥

BTG AR

sy B




— T ——————— — — T i o DTN G S 4 R R
T 2R ey TR AR AT A AT EO L A D WIS A g e 1 (AT M ATt Ee ARSI NN LS PR A AN ¢ £ DS RIS AN FERITR AP QT YT ISNERLTIN 877 W TR 27 Tyl 4,.44\.&\”4”&“:{»\0..&«/.&”,1&;@%”“‘”.. e R A I S T 7 FERER T e N S ADORRRARS TS g ?&m
oot (At i ot r Ty Ea H 4 FoTEy

R
.

L2 - . 1 1 4

ém;}e

¥

¢9 aunbiy

T T e
O
.

=1

~\
3O
a
O
v)
o]
Q
by
()]
[
]
p——g
[
Q)
£
o
(9]
0
£
18]
Q
r~
o
w
o
[}]

~{O 30N 933WBIJ ‘UT-2/1 PaUd30N ATdasyg .

P R L
,

}
¥

. ¥

R

b

¥

¥

4 i

TR
™
i
=3 %) [ |
<
0
N
Sl )
(A N8
l.&g ‘3
o L

Q0
~
0]
1
W
o
/'

o
O e e ]

Y Sl A e . B0

108

0C%

07 g
» o

~— "
5 — - - -

Sho Aveesy ot

woig ,006°0 -

.
¢

4 d1} - YyoloN

:
0€24x
. . .
) N ¥

O P PR N S D e R PP S i ke




———
e e A S R E TS F T TE

N R R e S T T R P T ARy 0 T B S
RN ALt i v.‘sswé@w‘an@%mgf%&.xmdﬁiifﬁﬁ.ﬁxftmwmdh N e e
. A e e S R T TS oy R e

PR
S R

2
o3y

2H n 8

T

oI
by

Wy

SECTION BB
‘ENLARGED

]
|
!
|
|
!
W
: 4
%{-};&e&:{%’-"ﬁ" ,_‘.~_', D A VN Y B, 2 e 'v T

o)
B2

}

2 y

[ -000"
D DIA +.003" SECTION AA

m&%?.gng'?ﬂlx\
PROPORT!ONS
8 = THICKNESS
Ax1.18
W=2B;W:258
Sx*0.8B
Fs2E=1108

{4

“

Y — -

R SR A S B e Lt

3 g‘.?’ :8 g i :5259 :
g9 08 :
3 olo + %‘f
% gl R 2
9 * 60 ~ 3
. ggotl' :
T

b,

S~—0.4"
;- NOTCH

R A DA A S R e

z ENLARGED VIEW

f : COMPACT TENSION FRACTURE TOUGHNESS SPECIMEN

; Figure C3

o 4
; 109 3
.; |
. .

oy o o R N R S NG AR - - .
T s R T Nt B g Ao URRCEET T 3£ T AYOUNEL ] o, DI M 7S
. faa R 2 LA i MBI !
. h kbl

g K A% .
> AR G sl

R Sy - . . .
Kikad ot (e £y, £ B A @ e e b 2y g i




Tahe miaw

s

[T

T YRR AT AR AT

T I S IR R IS TR

"\ & T T e S

59°0 53°0Z1 ST°G6— R *1°N ‘AN 8E 8+ TL® L6~ 96°1T- 00 *1- 4
69°0 aT°2Z¥v1 ‘AN 6vTeE+ ‘NN ‘AN ET°CT+ Z26°LCT~ 90°¢+ 71~ <
T9°0 $0°321T ‘AN ‘nc 8¢ ‘0~ AN T2 L+ 28°Z6~ 6L° T~ 0Z°1~ Z
€8°0 90°T0T oL b~ ‘NN “A°N €E€E°T~- 66°8- GE*0CT- £6°C+ 99°0~ T
s8°0 6L°9¢€T ‘A°N 05°¢t+ ‘NN T8°€C~ £€S°bE~ 0C*BET~- TV °S+ 0C 1~ T
18°0 25 61T ‘N°N *1°N 900°0+ 6Z°TI~ C1°8T-~- 0L°6TT~ 86 “£+ £6°0~ T
18°0 ov*e1lt ‘NN ‘N ‘AN SGZ°1T1- 80°8T~- 99°6T1- LS E+ €6 °0~- T
"UTATSY .QM TeuTpnlThuoT
L8°0 ve“¢ g0°0- ‘NN ‘NN ‘AN €T°0+ Zg*0- TIT1°0~ €0°0~- Z
$8°0 £G° € ‘NN €0°0+ ‘NN ‘N°N ST 0+ Zv°0- 0T° 0~ €00~ <
Z8°0 £€S°€E “Q°N *1°N €00°0- ‘Q°N CET+ 1 0~ ZT1°0- €0°0- 4
oL" O T8°¢ 90°0- ‘n°N ‘NN 80°0+ €£0°0- LZ°0- L0°0- 20°0- T
ZL°0 0c°¢ ‘nN°N $0°0¢+ ‘AN 81°0- Tg°0- 6€°0~ S0 °0- 20°0- 1
€9°0 50°¢€ ‘N ‘a°N T00°0+ 90°0~ 9T1°0- b1°0- LO°0- 20°0- T
€9°0 LO°€E ‘NN 0N ‘N°N S0°0- 9T1°0- £€T1°0~ L0°0~ 20°0- T
*S*A/°S°I°H TRUTPNITDUO]
¥s-o T9°18 G6°C- ‘NN ‘AN ‘n°l T8°E- 9T "v2- L - 0g°0- Z
850 6L°06 ‘AN TETCH ‘NN *N1°N gZ°C~ 9C° LE- £0° €~ 98°0- 4
TS°0 S V0T ‘NN *O°N €V o+ “a*N €9°¢C- €5°3T~ 12°v- 85°0~ 4
9L°D TI6°91T 9T T- ‘NN AN 8C°L+ 98°8¢ PELT- VL S~ 6T 1~ T
LL°0 06°32T "N°N S0°C+ “O°N L9°T~- ZE€°T-—- o€ L2~ SL°Y- LET— T
LL*O £8°CPT ‘N°R ‘NN 86 °0+ 271°¢- 2T5°1- 06 °81- [ A LS 1- T
SL°0 T0°CC1 ‘0NN ‘N N ‘NN 69°y+ 0£°9+ 08 ¥v1- 0L S- 9c - "1~ T
% ‘eoxy UT uoT3dupsy [eurtpnliTouo]
ZZ°0 [9°1¢E gT 0+ “N°N ¢ h ‘Q4°N 8£°0- TC* L~ T€ 0~ 6T°0~ <
LETO 61°8C ‘AN LT+ ‘1°N ‘AN LT°O+ LL 8T~ b *0+ 0Z°0- (4
Iv°0 P19V ‘NN ‘O°N €L 0+ ‘a°N 95°0+ SL°ET- 9T 0+ Ly °0- 4
89°0 6P 6¥ 98°0+ ‘N°N ‘NN oT°'0+ Tb°0- 81°Z+ ET°T- 9% 0~ T
83°0 GO LY ‘N°N 99°0+ 1N g0°0- G8°0- 80°b- 8°0- yy°0-~ T
£L°0 TL°09 ‘N°N *1°N TL°0+ €6°C~ ST°p- 8°¢~ €5°0- £€9°0- T
992°0 ¢L 'SP ‘NN ‘Nl ‘A°N T0°C+ 6V 1+ 80 °0- 9T 1~ v °0- T
% ‘uotr3jebuotd TeulpniTthbuo]
UOTIRTIIIOD adaoxajuy unt‘ g, un1’ g unr’ g, Hmunuoshum % ° M ‘ut TSY e3eq
a1dTaTnN -’ T T 1 ‘2a 'y tes°x ad4g,
/SUOTSUBUWT ureay
UOoT3enbg UOTSSaIDHd§ IedUTT STATIITAN UT SIUSTOTIISOD

JLYId 9L-GLFL 904 YIYad TYNIAALIDONOT A0 SASXTUNY NOISSTYOHI JIWIANIT ITJILTAN IO SITINSHI

Ta JI9YL

SN S e AT RN I R RO

111

o e o MRS 0 g

5

e e YN .

P e,

S

sy

(X

AR

A

b

NIV

Pe———



R T O A A et TR T TS A ESC R SR A IO =
EEy et pem TR spesipr st e Pl

ORI O LT TR BT S - = et e
ST A w4 ] P A Ny e

R 0

112
T

EZ I S L et 20 LARL PR 12

pasn 32U = °*N1°N

&

“Y3BUST = T ‘SSIWPTYI = &

LI N
b v!

*a3etd poxaos 3oy satd PazTIITeISAID9X puUe PIZTTIRISAIOBT 103
e3ep SUTSN PIUTWIDIAP uoTssaxbax - T ta3e1d paaom oy sard pazZTITTRISAI09X
5 pue ‘pazTITelsAxoax 1pozT1T23ISAX03IUN I0F BIEVP HuUTSN PIUTWIIFVD uotTssaxbax - T :e3ed 2dAk1L

RS

T

ﬂ *n Xq pajussaxdsx paxIom 304 snTd pazTTTe3sArdax ‘T Xq peojuasaxdazx poZTITeaSA1091
WM 13TqeTIRAR S3IN3ONIIS OM3 UdYM  °T:0 Kq pejuasaadax padaom oY snTd pezTITTe3IsAzoax pu2 ‘031
3 Kq pajussaadax pozITTEISAID9T ‘0320 &q pa3ussaxdsx pazITTeISAID9IUN ‘ITqeTTRAR saanlonIls I_aIYI
3 uoym :STSATeue uorssaibox uT ITqRTILA aarjestTTenb e 3o uorjejussaadax aatae3Tjuenhb e ureiqo o T 330N

4

Ta J1g¥l d03 SILON

RIS

TR,

L

3 L ieaivguains




o v o et e R P S v g TS BT T ey T ———
* s x‘ N ot SR BTN 278 SIOWNPSCIY £ T

A TP o

TN T RNy T TR TR L R, g s g .
REPRKMAFAMIR) TN AN S S St B e T

VPSS Y TR A

APPENDIX E

Analysis of Smooth Versus Notch-Tensile Data

Supplementary smooth and notch-tensile tests were conducted
on samples of 1,.50" thick 7475-T6 plate having a recrystallized, a
recrystallized plus hot rolled, and an unrecrystallized structure to
help explain the relation betweei. the ductility and KQ values for the
recrystallized, recrystallized plus hot rolled, and unrecrystallized
materials. The tests included one tensile and one notched specimen

from each sample of plate. The smooth specimens were 0.357" dia.

with no tapered section, while the notched specimens were 0.505"

gross section diameter and 0.353" net section diameter. The results

of tests are given in Table El.

Table E2 shows the ratic of the notch-tensile stress to the
smooth tensile stress at fracture using both engineering stress {(ori-
ginal cress-sectional area) and true stress (final cross-sectional area).
This ratio is called the notch sensitivity index and is a measure of
a material's resistance to triaxial stress fields induced by notches.

In general, for a fixed specimen size the lower this ratic, the more
sensitive the material is to rotches and the lower will be the fracture
toughriess. As shcwn in Table E2, if engineering stress is used, the
recrystallized material is most sensitive to notches while the re-
crystallized plus hot rolled material is least. If true stress is used,
the recrystallized material is still most sensitive to notches, but the
unrecrystall zed material is least. True stress is probakly a better
comparison since it takes account of rea changes beyond instability

(necking). Based or these true stress NTS/TS ratios, one could infer
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that the fracture toughness, K. , of the recrystallized material

Ic
would be lower than that of either the recrystallized plus hot rolled '
or unrecrystallized materials and that the unrecrystallized material
should give the highest KIc values of the three.

A word of caution is in order here. The fracture toughress,

PR RTICIN

K is supposed to be a measure of a material's resistance to crack

1c’
propagation. A means of insuring this is to fatigue precrack the
specimen prior tc testing to insure a crack-like defect for measuring

propagation with no initiation phase. The notch—t2nsile test, on

R N U e B

the other hand, is not fatigue precracked, and hence measures both

initiation and propagation of a crack. What is being implied in the

b A AT TP M et e

prediction of K c trends from NTS/TS ratio trends is that the

I
distinction between initiation and propagation is relatively unim-

S Nk

portant in this particular instance and what really matters is how
the material reacts to any triaxial stress field at a notch,
regardless of whether the notch is sharp or blunt.

Additional smooth and notch-tensile tests were made on

samples of 1.50" thick 7475-T6 plate which were quenched as 0.600"

dia. blanks, The results of the tensile tests are given in Table E3.

Caslinrd S P, G oA P S o & SRR L AVt L anF A AT B2 S
s

n—

The tensile and yield strengths and the load at fracture for the .
notched specimens were highe:r for the specimens from the material
quenched as 0.600" dia. blarnks than for the specimens from the

material quenched as 1.50" thick plate.

The notched tensile stress/tensile stress ratio (rotch
sensitivity index) was calculated for the rapidly quenched material

using true stress and is given in Table E4 along with the results of .

bR ABEE ale b n st e A D o st e ab b A b ccta B e e 30 1
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the calculations made for the material quenched as 1.50-in. thick
plate. The test data show that even though increasing the guench
rate has increased the yield, ultimate, and notch-tensile strengths,
the notch sensitivities of the materials have remained unchanged. The
unrecrystallized material is still the least notch sensitive and
should give higher toughness than either the recrystallized or the
recrystallized plus hot rolled material.

In reaching the conclusions discussed here, it is
assumed that the constraint conditions at the notch in the notched
round bar tests for all materials are roughly the same; that is, the
diffexences in yieid strengths of the materials is assumed small
and hence the constraint conditions at the notch are similar in all
cases. With this assumption, one is then able to say that for the

same constraint, one material behaves differently than another under

triaxial stress conditions.
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APPENDIX F

P A

MICROSTRUCTURE VS. DUCTILITY AND TOUGHNESS ]

INTRODUCTION

A e sen 573 R ag wy s ST

The investigation reported in the main body of this report
indicated that 7475 plate thermomechanically processed to produce

recrystallized grains comparable in size to those reported by

25 awin Fony 2 4 e Bk

DiRusso et al and Waldman et al developed the anticipated high

[y

ductility (tensile reduction in area) relative to that of

unrecrystallized 7475 plate. Toughness, however, measured using

NN etk
LR AN L o 2% Vv D T

either compact tension fracture toughness specimens or

circumferentially notched tension specimens was lower
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than that of the unrecrystallized plate. Examination of undeformed
samples and of fracture specimens of the plates that were produced
in the initial phases were difficult to interpret because the different

thermomechanical histories produced differences in second phase

particle morphologies along with differences in grain structure so
that the relative effects of particles and of grain structure could

not be separated. Consequently, additional plate samples from a

new 7475 ingot were fabricated in Phase IV using identical
procedures with the exception of rolling practices. Three
structure variants were produced: (1) unrecrystallized,

(2) recrystallized to a fine, relatively equiaxed grain structure,

(3) a structure which was recrystallized, then hot rolled to

elongate the recrystallized grains. Test results reported in

T T L I R S TP e ST (L DIS" o R

the body of this report indicated that the toughness of these plates
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were generally lower than the toughness of the 7475 plates produced
during the initial phases. This difference was anticipated because
of the higher impurity content of the ingot fabricated for the
microstructural studies (Phase IV). The relative toughness and
ducti}ity differences between these unrecrystallized, recrystallized,
and recrystallized plus hot worked structures were comparable,
hoﬁéver, to the differences originally observed.

The object of this work was to establish in greater detail the
nature of the microstructural differences and to relate them more
closely with respect to deformation and fracture mechanisms to the
observed differences in fracture toughness and ductility. Transmission
electron microscopy (TEM), scanning electron microscopy (SEM), optical
microscor. x-ray, and electron microprobe techniques were used.

EXPERIMENTAL

All the samples used for microstructural studies were the ones
tested in the longitudinal direction. Samples for slip line studies
were 0.065" thick, 3/8" wide and 2" long (gauge length). They were
mechanically polished and then electropolished before subjecting
them to deformation to fracture. Thin foils for TEM were electro-
polished using a solution consisting of 25 vol. % nitric acid and
75 vol. % methanol. A Philips EM301lG microscope equipped with
eucentric goniometer stage was used for the examination. The
operating voltage of the microscope was 100 KV. Fractographs were
prepared representing the fracture locations at the initial region
of unstable crack propagation, and also in the vicinity of the
stretched zone. In order to show the relation between second phase
particles and the dgrains at fairly high magnification in the SEM,

an etchant (10% bromine in methanol) was used which was known to
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put the particles in relief without altering their appearance.
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RESULTS

Undeformed Structure

o

The distributions of coarse constituent particles and dispersoid

particles (E phase) are shown in the 500X and 20090X scanning electron

s

micrographs in Fig. Fla-lc. Because of low Fe and Si ccntents, the

%
i
g
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b

volume fraction of large constituent particles (up to ~v10um) was
low in all three structures. The largest insoluble constituents
(a few microns to v1Qum) were identified as Al-~Fe-Cu particles by

energy dispersive x-ray (Kevex) and also by Guinier x-ray

diffraction analyses. There were also some M (n) and very few

lesise

S(CuMgAl;) phase particles present in the alloy. The smallest
particles shown in the figures are dispersoids (E phase particles).

In the unrecrystallized sample, the constituent particles were

I %-QEHE e

.
&

not preferentially located at the grain boundaries (Fig. Fla).

However, in the recrystallized sample constituent particles were

g

LN ey ogts
R T R BT ER

preferentially located along grain boundaries (Fig. Flb).

Constituent particles also tended to lie along the elongated grain

4
:g boundaries in the sample which was recrystallized and subsegquently

€

hot rolled (Fig. Flc). Three-dimensional light micrographs and the

mechanical properties of these samples are showr in Figure F2a-F2c.

A typical electron microstructure representing the
unrecrystallized material is shown in Fig. F3a and F3b. The
dispersoids are the E phase described as AljoMg,Cr by Hunter and

McMillan(l) and AljgCr3Mg, by others(z). Since all thermal

o
3
y
£

- treatments were the same for the three samples, there was no

A appreciable variation between samples in the size and distribution

of the E phase particles. Different rolling temperatures, however,
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gave rise to different substructures among the samples: cell

structures in the unrecrystallized sample (Fig. F3a and F3b), relatively
dislocation-free recrystall.zed grains in the recrystallized sample
(Fig. F4a and F4b) and polygonized cells in the recrystallized plus

hot rolled sample (Fig.F5). Even though there was no appreciable
fluctuation in the distribution of Cr according to electron

microprobe analysis (on a light microscope scale) the distribution

of E phase was inhomogeneous (on an electron microscope scale).

Deformed Structure

In order to understand the mechanical properties in a
precipitation hardened alloy, it is necessary to examine the
interaction between the hardening particles and moving dislocations.
If the particles are coherent, the moving dislocations can either
shear them or by-pass them depending on the size, distribution and
also volume fraction of the particles. The advantage of changing
the deformation mechanism from a cutting to a by-pass mechanism

(3)

(better ductility) was shown by Llitjering and Hornbogen and

Litjering and Weissmann(4).

In this study the microstructural observations were made in a
uniformly deformed region of each of the structures generated by
the different thermomechanical histories. As will be discussed
later, the mode of fracture seemed to be very irportant in
controlling the toughness of the alloy. Therefole, the interaction
between dislocations and precipitates along grain boundaries was
also examined in addition to the interaction between dislocations
and matrix precipitates.

Typical transmission electron micrographs showing the unrecrys-

tallized sample after deformation are shown in Fig. F6a and Féb., The
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distribution of dislocations was relatively homogeneous and there
was no preferential deformation along the grain boundaries. Also, ‘

in most regions dislocation bands piled against the grain boundary

i b VN 1 K e N pnl WE

s

were not observed (Fig. Fé6a). The moving dislocations by-passed
the large constituent particles (intermetallic phase) and
concentratipn of slip was observed. Due to the deformation, some

of the rod-shaped particles thought to be AlgCujyFe were fractured

$ SRS o 23 s v s &

(Fig. F6b). However, there was no evidence of shearing of n' particles
by the moving dislocations.

In contrast to the unrecrystallized sample, the recrystallized

“Ornls o ARSI S T

sample showed a quite different deformed microstructure (Fig. F7a and

F7b). As shown in Fig. F7b, the grain boundary was much more heavily

$R PR AL IR

deformed compared to the grain-interior. Grain boundary dislocations

(GBD) were proposed by Gleiter and his co-workers(s'G) and Price and

(5,6)

Hirth(7). According to the former grain boundaries function

as sources of dislocations, and two generation mechanisms are

operative. In mobile grain boundaries GBD's move along the

boundary. Also GBD's showed interactions similar to those of

. latiice dislocations such as networks, pile ups, etc. Dislocation

v bands, presumably geherated by these grain boundary dislocations

.?::3 > %&"FA‘:‘:&‘ o "." i 5 e

B in the recrystallized material, are apparent in Fig, F7a and F7b.

gy
E ‘o
b oeaepatyds N

In the recrystallized and hot rolled sample strong interaction

4L
2

between dislocation bands and grain boundaries was also observed

S A 2 Y
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e
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(Fig. F8a and F8b). As in the recrystallized sample, heavier

3o

deformation resulted along the high angle grain boundaries.
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Slip Line Study

When the unrecrystallized sample was deformed and the originally
polished surface was examined in a light microscope, slip lines more
or less uniformly distributed throughout the grains were observed
along with a slight grain boundary sliding along high angle grain
boundaries (Fig. F9a). Fracture, as shown in Fi;. F9band F9c usually
followed slip bands and was predominantly transgranular.

In contrast to the unrecrystallized sample, the recrystallized
sample showed much more grain boundary sliding and the fracture path

usually followed grain boundaries rather than slip bands (Fig. Fl0a,b,c).

In the recrystallized plus hot rolled sample, the slip line structure

showed that cracking occurred along grain boundaries as well as at

slip bands (Fig. Flla-Fllc).
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Fractography

.

To further determine differences in fracture mechanisms of the

FapSost Mibns k.

% fracture toughness specimens, the fractured surfaces were examined
in the scanning electron microscope. Observed fracture modes were
consistent with the results from the slip line studies, and were
B ‘ ’ closely related to the respective fracture toughness values
determined in this investigation. The higher the proportion of
intergranular fracture, the lower was the fracture toughness
(Figs. F12, F13 and Fl4). The unrecrystallized sample had the

highest toughness and fractured almost entirely by a transgranular

mode (Figs. F% andFl2)., The fracture surface exhibited large and

% o ) small dimples (Fig. F12). The spacing of the small dimples was

3 - consistent with and apparently controlled by the average interparticle
'% _ distance of the dispersoids (E phase). The recrystallized sample,
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which showed the lowest toughness, had predominantly intergranular

f;acture and the fracture surface was almost free of small dimples

(Fig. F13). On the other hand, the recrystallized plus hot rolled

sample showed a transgranular-intergranular mixed mode fracture

(Fig. F13) and denerally had an intermediate level of toughness.

When fractures of the notched tensile specimens were compared

to those of the corresponding fracture toughness specimens, the

same mode of fracture was observed (compare Figs. F12, Fl13, and Fl4

with Figs. F15, Fl16, and Fl17).

(8,9)

According to other investigators other fracture features

such as stretched zones and vertical cliffs can be related to

fracture toughness and yield stress. Consequently, these features

were also examined to determine whether any evidence could be found

of a relationship between fracture toughness and stretched zones

-

and cliff heights in the fracture toughness specimens of the three

materials having relatively large differences in grain structure.

s i AN AR Y v o Ghn sy st

———

The stretched zone lay between the fatigue striations of the

[

\mdar

fatigue precrack and the dimpled region of typical tensile overload.

.

It represented the first plastic deformation at the tip of the

Sk, Ak

fatigue crack. When fracture occurred, it tended tn leave a cliff

representing a displacement between the tensile fracture plane and

the fatigue fracture plane.

b ebs Jasm d B ata G ctaise

In the unrecrystallized sample the cliffs were not continuous

Ry

and some small dimples were present on the cliff surface (Fig. Fl8a).
In the recrystallized sample (Fig. F18b).also the cliffs were not

continuous, and, in most regions, were almost featureless and free

Y
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of dimples. This probably reflected the tendency for cracks to
follow grain boundaries in this material. Similar discontinuous
cliffs were observed in the unrecrystallized plus hot rolled

sample (Fig. Fl8c). Except for the recrystallized sample (Fig. Fl18b),

the stretched zones could not be clearly identified.

Microstructure of Rap.dly-Quenched Samples

As will be discussed later, the mode of fracture seemed to be
partly related to the grain boundary particles (constituent particles
and precipitate particles). To eliminate some of the precipitate
particles, a faster quenching rate was obtained by using smaller

specimens (0.6"¢). As shown in Fig. F19, the amount of grain boundary

P R L N RV TP P

precipitate was to some extent reduced by the more rapid quench.

Notch toughness data indicated that toughners of all three materials ;

was increased by the rapid quench, but the ranking was the same as .

TR

for the bulk-quenched samples. The same kinds of fracture modes ;

Y were observed regardless of quenching rate. g
% DISCUSSION §§
é One of the most important findings in this study was that ﬁ
g fracture tcughness increased as the proportion of intergranular ?

fracture decreased. The unrecrystallized sample showed the highest

; fracture toughness and fractuared almost entirely by the transgranular

i

§ mode. On the other hand, the recrystallized sample showed lower |
|
ki fracture toughness which corresponded with a fracture that was

; almost entirely intergranular. The recrystallized plus hot rolled

sample had a mixed transgranular-intergranular mode of fi i-ture.
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% Several investigators(a’g) have pointed out a relationship ) ;;
% between fracture toughness and stretched zone width (and cliff fi
i heights). In this study, stereo pairs of fractographs revealed ?
? that the cliff height appeared to increase with increasing level §
? of fracture toughness. Peel et al(g) reported that higher fracture g
§‘ toughness was associated with the larger cliff height and that over %
;? considerable portions of the crack fronts, stretched zones were not E
g observed. In the present investigation because of discontinuous g
g cliff heights and irregular stretched zones, no clear relationship %
5 was obtained. Rather it was found that fracture toughness was é
g closely related to the percentage of intergranular fracture. é
- Therefore, observed differences in rliff height were not sufficient g

to give information on the fracture toughness, and the mode of }

fracture was the most important factor controlling the fracture ‘

g toughness. A similar conclusion was made on Al-Zn-Mg-Cu-Zr alloys
: l(10)

B by DiRusso, et a
Intergranular fracture ensues when the matrix is strondger than
k. the grain boundary and Jdepends upon the grain boundary morphology and
mutual orientation relationships with respect to the tensi»sn axis.
The effect of precipitate-free zones (PFZ) on ductility or toughne:s

has been studied by many investigators. Varley et al(ll) postulated

that preferential deformation within a PFZ might irprove ductility

e s TSNS At A vt " Bk S T st A S et Rty i B0 e ] Fi SN X okm® Pmsies T

ﬁ due to a reduction in stress concentration at the grain boundary.

3 Unwin and Smith‘1?) found that the PFz width had little effect on
i i
%— ductility and fracture toughness of Al1-6%2n-3%Mg alloy. However, i
. |
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they pointed out that deformation might be concentrated in certain

o Qg e s

favorably oriented PF2. As shown in Fig. F7a, the PFZ in the present
materials was minimal even in the recrystallized sample which showed
predominantly intergranular fracture. Such a narrow PFZ is not
expected to control the intergranular fracture. Therefore, in this
study, the fracture toughness and ductility were not believed to be
appreciabiy affected by PFZ width. Similar results were obtained

(14) who concluded that the fracture of 7075 was not

by Kirman
primarily affected by PFZ width.

Preferential deformation along grain boundaries in the
recrystallized and recrystallized plus hot rolled samples is shown
in Figs. F7b and F8b. The sources of the dislocations observed
along the grain boundaries are a special type termed dgrain boundary

(5’6), and they move along the boundary when the

dislocations
boundaries are mobile. Preferential deformation along grain
boundaries might lead to an intergranular fracture and low toughness
as was actually observed in these materials. 1In the case of the

unrecrystallized sample, which showed a transgranular fracture mode

and the highest toughness, no preferential deformation was observed

along the grain boundary (Fig. F6a). The dislocation pile-ups shown
in the recrystallized and recrystallized plus hot rolled materials
(Figs. F7b and F8b) would also favor the intergranular fracture.

Another significant difference in the microstructures among g

the three treatments was the grain boundary particles (Fig.Fla-Flc). ;

The recrystallized sample with low fracture toughness had b

preferential distribution of large particles (insoluble constituents
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and n particles) along the grain boundary. This evidence suggests .

—
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that the large AljCujFe constituent particles, which formed prior
to the recrystallization treatments, in addition to the smaller

E-phase dispersoids acted as obstacles to the growth of new grains

e T R T N

during recrystallization and for this reason could be found at the

recrystaliized grain boundaries. The small n particles probebly

Faletds,

AT

formed along these boundaries during quenching and/or aging

Soled,

following the solution heat treatment.
The fractographic, microstructural and slip line study evidence
suggests that the mechanism of' intergranular fracture in the

recrystallized material is the nucleation of voids by fracture of

S SRt it A M 00D T e o

the large grain boundary precipitates and the Al7Cu2Fe constituents
followed by void coalescence associated with grain boundary
dislocations and by matrix dislocation pile-ups affecting a force

(14)

normal to the grain boundaries. Kirman also suggested that

the intergranular fracture in 7375 occurs by the ductile void-
coalescence mechanism.

The unrecrystallized sample which showed predominantly
transgranular fracture did not have coarse particles located

preferentially along the grain boundaries (Fig. Fla). Cracks were

\

initiated mostly at slip bands (Fig. F9b). Also shown in the figure

is the concentration of slip around large particles. When the size

s e S ~ S, i
7 NS S T it o8 A o b0 A A N S S e s * S W b i s AN s

of the small dimples was compared to the average interparticle

distance of the E phase, it was concluded that the small dimples

S eI 4Pt €34 % 5 s AR

were formed by the formation of voids at dispersoids (E phase)

T

during straining with eventual void coalescence.

Lamean
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The Cr-bearing E phase particles were inhomogeneously

distributed. This was especially apparent in the recrystallized

samples. Actually there is no reason to anticipate that the

distribution should be different among the different structures

investigated, since the Cr does not diffuse from its initial
(15)

dendritic segregation pattern but precipitates essentially in situ
The distribution of Cr, Mg, Cu and Zn in 7475 was studied by Flemings
and his co-workers(lG). They reported significant segregation of Cu

and Cr in a cast ingot (high Cr at the dendritic center and high Cu :

o
5
iy &
N
3
3
¥

%
:

g in the interdendritic region) and Cr segregation was very difficult :

% to reduce with thermomechanical treatments. Our electron microprobe

% examination on light microscope scale showed that after thermo- ’

by )

% mechanical treatments the concentration of Cr did not significantly :

4 vary across the grains even though the distribution of dispersoids :

ﬁf changed from grain to grain or even inside the grain as shown in ;

%ﬁ the transmission electron micrographs (Figs.F3a, F3b, Fd4a, F4b, and F5). ;

é %

é inhomogeneous distribution of E phase did not seem to affect the %

é; mechanical properties appreciably. :

o CONCLUSIONS

'g ) 1. The fracture toughness of 7475 plate processed to have

%: different grain structure was most significantly affected by the

g, fracture mode. The unrecrystallized plate showed a predominantly

‘ﬁ transgranular fracture mode and had a higher fracture toughness

Q than the recrystallized plate which showed an almost entirely

. -
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intergranular mode. The toughness of the recrystallized plus hot

rolled plate was intermediate, and fracture mode was mixed

.
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transgranular-intergranular.

2. The intexrgranular fractures weore attributed to nucleation

of voids at grain boundaries by large constituert and precipitate

o
~ G
Y,
I

TS S T N N

particles and by coalescence of these voids through an interaction

B of dislocations with the grain boundaries. i
g )
4 3. Fractographic features such as stretched zones and cliff g
B heights were not prominent as indicators of relative fracture 3
X 3
. ¢
i N
3 toughness of 7475. %
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Fig. Flc - Micrographs (SEM) showing the distribution
A of particles in the recrystallized plus
= hot rolled sample.
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Fig. F3a - Micrograph (TEM) of undeformed unrecrystallized
material. Note the cells and dislocations inside
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Micrograph (TEM) of undeformed recrystallized
rlus hot rolled material. Note the polygonized
structure due to hot rolling following
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Optical micrograph showing the fracture in the
L-N plane of the unrecrystallized material.

Note that fracture was
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) Fig. F10b - Optical micrograph showing the slit: line
structure (L-T plane) in the necked region
of the recrystallized material. Note that
cracking occurred mostly along grain boundaries.
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a. Recrystallized 2000X

b. Recrystallized plus
hot rolled 500X
Fig. 19 - Scanning electron micrographs of rapidly
quenched samples.
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