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INTRODUCTION

— — — o - — - — - i

The alrcraft industry has, only in the past few years, begun to
utilize the potentisl strength of alloy steels. A tremendous
savings in weight and space could be reallzed by ralsing the
maximum heat ireat level of high strength steels from the normal
200,000 - 220,000 psi to 260,000 - 280,000 psi tenslle strength,
To accomplish this change, a necessary re-evaluation of deslign
allowables for minimum impact, notch sensitivity and fatigue
properties of aircraft atructural steels was requlred. Fre-
viocusly, designers had avolded the use of high strength sieels
bacause brittleness was thought to be characterlstic of steels
neat btreated above 270,000 psi tensile strength. However,; ro-
search on 3AE 4380 hes shown that the nigher hzat trsat level

1s acceptable for alrframs appllications.

Thera were two approaches to achlieving higher fensllie strength
. 3 ¢ ~ ’ v AT b
in aircraft structural steels. The first, used for 3AE 4340,
: =

was to lower the tempering temperature from above 800 ¥ to a
range of 400 to 450 F. This heat treatment avoided completely
the ¢00 F "embrittlement temperature"” which 13 charscteristic
of the chromium-nlckel-molybdenum steels. Wwhen tempered at
600 ®, Izod impact shirength for 4340 13 reduced to a range of
10 - 15 fv. - ib.

The othsr spproach, followed by Convalr, was to select a different
alloy possessing improved properties. SAE 4335 (Mod.) wes
“chosen as a superior alloy over 4340, —Essentlally 4335 (Mod.
has the same alloying elements as 4340 with approximately &tw
as much molybdenum, .05% less carbon and an additional .08 -
.20% vanadium. The lower carbon content was intended to im-
prove ductility and notch impact strength. The restricted
carbca range of 0.33 to 0.38% was selected because the minimum '
strength of 260,000 psi coulu be obtaired after tempering at

400 F. It was felt that 0.32% carobon would not uniformly glve

a minimum tensile strength of 260,0C0 pal after plotting a large
number of test data polnts. The maximum carbon content of

0.38% was selected because it was believed that a tensile strength
of 280,000 psi or less could be consistently obtained after tem-
pering at 450 F, The molybdenum content was increased to in-

sure a deep hardening steel and the vanadium was added reor

grain refinement. Tempering temperatures in the range 400 to

500 F were investigated to determine whether the required

260,000 - 280,000 psi tensile strength range could be oktained,

In the investigation for a suitable heat treatment to develop

ce

-

LTHATY REPOMT SHEET - Deportmant &
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optimum mechanical properties for SAE 4335 (Mod.), no one
particular property, other than the desired 260,000 pail tenalle
gtrength was emphasized at a loss to another., At this high heat
treat level 1% was anticipated that notch impact astrength and
transverse ductility would be a problem., On thils basis, 1t

was declded to analyze the heat ireating varlables from teat
results cbtained for tensile, notch tensile, and impact tests,

UTHLITY REPCRY SHEEY Cepartment §
FWP (072854
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MATERIALS ~ SAE 4335 (MODIFIED) STEEL - 260,000 TO 280,000 PSI

HEAT TREATMENT - DEVELOPMENT OF FPROCESS CONTROL AND

MECHANICAL PROPERTIES FOR -

PURPOSE:

The purpose of this investigation was to develop the best heat
treat processing method for SAE 4335 (modifled)} steel heat treated
tc the 260,000 - 280,000 psi range, and to determine the mechanlcal
preperties of the steel in this condition.

SUMMARY :

resent alroralt regquirements have necessitated the departure from
he customary 220,000 - 220,000 psi heat treat level for alloy
L

P
steels, to a new high of 26C,000 - 280,000 psi tensile strength.
This higher strength has veen attained by lowering the tempering
temperature and in some instances, the selection of new or modi-
fled alloy steels, :

Lowering of the tempering temperature produces the desired in-

arease in tensile strength, but 1g accompanied by an undesirable

dzcrease in ductility. As a result, the lmpact and transverse
giongation prepertics become guite critical in alrcralft design

L~ _ considerations, Convalr, Ft. Worth, selected an alloy steel,

SAE #4335 modifled with .C8 - ,20% vanadium {or investigatien as- - |

a possible improvement over the standard 4340 previously used.

The reduction of carbon content tends ¢o benefit 1lmpact re-~

gistance and ductility, while additions of wvanadium and molyb-

dennum tend to improve hardenability.

In order to establish the roliability of SAE 4335 modified for
applications in the 200-280 ksi heat treat range this investi-
gation was initlated to (1) develop a heat treating procedure
that would provide optimum mechanical properties and (2) obtain
data for establishing design allowables using this heat treat
procedure.

Phase I of this project was therefore concerned primarily with
the evaluation of austailiizing temperatures, guenching cycles,
tempering temperatures, and durations of these cycles. An
Integrated series of tests indicated that the heat treatment
to produce the best combination of properties was as follows:

1. Austenitize at 1525 F for one hour per inch of
gection size.

2. Quench in agitated oil to room temperature.

2. Temper at 465 F for two hours.

4, Alr cool to room temperature.

UTILITY RESOAT SHEET Department 6
FWP 1072-8~54
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Propertles determined in this phase of the project, not in-
cluded in the mechanical testing section, were:

1. Notch strength/ultimate strength .88 - 1.02
2. -Izod impact strength, ft-lbs, 16 - 17

Phase IX conslsted of the determination of mechanical properties
obtainable from modified SAE 4335, heat treated by the process
eatablished in Phase J. The average mechanical propertles were:

1. Tensile Properties Longitudinal Transverse
a. Ultimate stress, psi 265,000 253,000
b. Yield stress, psi 228,000 221,000
c. Yield/ultimate ratic .36 .87
4. Elongation, % 10.5 ) 3.9
e. Reductlion of area, % 42.6 7.3
f. Elastic modulus, psei 29,600,000 30,900,000
&. Hardness - 50.7Rc, 50.3Rc,
498 BEN 486 BHN
2., Compresslon Propertiles
a. Yield stress, psi 227,000
b. Elastic modulus, psi 21,800,000

(-]
3. Double Shear Properties

Outside dlameter/wall thlckness Ultimate stress, psi

166,000
160,000
148,000
140,000
135,000
130, 000

A0~ b

1

4, Bearing Properties - Ultimate Stress

Sn/d = 1.0 213,000 psi
e/d = 1.5 353,000 psi
{e/a = 2.0} 150,000 psi

5. R. R. Moore Rotating Beam Fatligue Propertles -
{Smooth ground finlsh])

Fatigue strength at endurance limit (107 cycles) -
118,000 psi.

UTILITY. REPORY SMEET - ’ Doportmant &
FAR 1072~8-34
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in fatigue strength.

determined to be:

Ultimate stress, psi

Yield stress, psi
Elongation, %

Reduction of area, %

Weld strength/parent metal
strength, %

and weldabllity.

Mechanlcal propertles of ar

A serles of tests were performed on rotating beam fatigue speci-
mens which werse processed with a variety of zurfsce treatments.
In general, 1t can be sald that shot peening improved the
fatigue characteristics of modifled SAE 4335 while a chromium
plating treatment over a finish ground surface was extemely
detrimental. However, specimens shot peened, chromium plated,
and finish ground after plating showed practically nc reduction

Sustained load properties to evaluate hydrogen embrittiement
were determined using a test specimen which was developed during
“an dnvestigation of fallures which cccurred 1n static leaded
B~20 landing geara. Test resulis indicated that modlified SAE
4335 was susceptible to the hydrogen embrittlement resulting
from cadmium plating. Brittle fallures wers obtained in specl-
mens loaded as low as 70% of the ultimate strength. However,
iimited test results indlcate that shot peening before plating
reduces embrittiement in cadmium plated specimens. When using
shot peening prior to chromium plating, no 2pecimens falled
after S0 days of testing at 90% of ultimate tenslle strength,

¢ welded modifled SAE 4335 were slso

Type Electrodes

Arcos SM P &% H 21

202,000 206,000
182,000 187,000
5.8 4y
28.8 15.4

76 78

Of these two welding electrodes, Arcos 5M (Special High Carbon)
has the most desirable properties from a viewpoint of ductility

To test a fabrication process used by a landing gear manufacturer,
hollow tensile specimens were flash welded at Menasco Mfg. Co.

The specimens failed, when loaded in tension, at an averages
ultimate stress of 205,000 psi with no measurable elongation,

UTILITY REPCAY SHEET

Cepariment &

FWP 1072-5.54
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MATERIALS - SAE 4335 (MODIFIED) STEEL - 260,000 T0 280,000 PSI

HEAT TREATMENT - DEVELOPMENT OF PROCESS CONTROL AND

MECHANICAL PROPERTIES FOR

Phase I:

To develop the best heat treat processing method for modified
SAE 4335 alloy steel in order to obtain optimum mechanical
properties at the 260,000 to 280,000 psi heat treat level,

Phase II:

To determine the mechanical properties of this steel, nest
treated by the process establlshed in Fhase I.

The test specimens used in FPhase I, were as follows:

Tensile test specimen Pigures 1
Notch tensile specimen Figure 2
Izod impact specimen Filgure 3
Hardenablllty specimen Figure 4
4 Quench crack s pecimen Figure 5

The test specimens used in Phase II, were as follows:

Tensile test specimen Figure 1
Compreasion test gspecimen Figure ©
S50l11d double shear specimen Figure 7
Hollew double shear specimen Figure 8
Bearing specimen Pigure 9
Sustained load specimen Figure 1
Flash welded tensile specimen Figure 11
Uniweld tenslle specimen Figure 12
Round axial fatigue specimen Figure 13
Round axlal notch fatigue specimen Figure 14
R. R. Moore fatigue specimen Figure 15
UTEITY REPORY SHEET Dapartmaent &

FWP 1072-8.54
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The modifled SAE 4335 steel was purchased from the Earl M.
Jorgensen Company of Los Angeles, %0 the requirements of
Convalr aspecification FMS-002i, The compositiona certifled
by mill acceptance were as follows:

Heat #75679 Heat #75680 Spec, FMS-0024

¢ .35 .35 .33 - .38
Mn JT5 .72 .60 - .90
Sl 321 030 t20 - Q35
P ©.016 .012 . 040 max.
5 .018 .016 <040 max.
C .7‘6 376 o65 - -93
Ni 1.77 1.82 1.65 - 2.00
MO ni;g u!“_?l A35 - 059
V ..12 ‘ll; 308 - .20

A1l specimens were prough machilned ,020" coversize from the bar
sizea shcwn in Table XX, heat treated and final machined or

ground depending on tolerances required. Wwhen the specimens

were finish ground, they were stress relieved for 4 hours at

375 P followirg the grinding operations. For slil specimens
tempered at temperatures less than 400 F, the siress relieving
temperature was 25° less than the indicated tempering temperature,

PROCEDURE:

Phase I:

Standard Jominy hardenability specimens, shown in Figure 4,
were machined from 6" and 1 1/4" dia. bars to determine
whether both sizes had equivalent hardenability response.

A Sunbeam atmosphere furnace was used for these and all
subsequent austenltizing treatments., A low temperature
salt bath was used for tempering. The specimens were final
ground after being heat treated at four austenitizing tem-
peratures, 1550, 1600, 1650, and 1700 F.

Part A:

To determine the optimum austenitizing temperature and
holding time, one tensile specimen, Figure 1, was treated
by heating to each of the folliowing temperatures, oil
quenched and tempered at 450 F for 2 hours:

UTILITY REPORT SHEET Department §
: FHP 1072254
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Austenitizing temperature, OF Holding time, hours
1500 1, 2, g
1550 : 1, 2, 4
1500 1, 2, 4
1650 1, 2, 4

After heat treatment and final machining sach of the
speclmens were tested in accordance with standard
tensile testing procedures.

Part B:

Using the best austenitizing temperature determined in
Part A, one tensile, two notch tenaile, and three impact
speclimens were tempered at each of the following tem-
peratures for the times indicated and tested for
mechanical propertles:

Tempering i=mperature, OF Time at each temp., hours
400 2, 4, 8, 22, 1&, 24
Los - sSame .
450 ~ same
475 3ame
500 same
Part C:

Because retained austenite 1is an undesirable constituent
in steels hoat treated to a high strength level, this
gection of the testing was originated to determine the
quenching and tempering cycle which would produce the
least amount of retained austenite. Employing a theory
of Professor M, Cohen of MIT, a high tensile yleld -
strength to ultimate strength ratio was consaidered as
indicative of low retained austenite, In addition to
this criteria for evaluating the best guenching and
tempering cycle, impact and notch tenslle teats were
alsc used in the determinatilon.

One tensile, two notch tensile and three impact speci-
mens were treated at each of the following zonditions
ter austenitlzing at 1525 F for one hour:

UTHITY REPCIRT SHEET Departmant 6
FWP 1072-8~54
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Tempering
1. Quenching temp,OF Holding time,hrs. Cooling cycle Cycle °F
Alr cool to
550 2 room temp. 550 (2 hrs)
500 i " - 500 "
450 2 " R 450 "
400 2 " 400 "
350 2 ! 350 "
300 2 " 300 "
250 2 " , 250 "
Tempering

2. Quenching temp,°F Holding time,hrs. Cooling cycle Cycle,OF

550 2 =120 (2 rrs.} 550 {2 hrs.)
500 u n 500 "
450 2 " 450 "
400 2 " - 400 "

B ) "50 L 2 ) 1) B 353 113
3{30 2 4] » 30.0 "
250 2 " 250 "

3, Quenching Holdinpg Cooling Tempering Coolin§ Tempering
temp,°F time,nrs Cycle 9% Cycle °F Cycle OF Cycle °p
-12Q 550 -120 =5C

550 2 (2 hrs.) (2 hrs.) {2 hra.} (2 ars.}

500G 4 ! 500 " " 500 *

480 2 " 4sp " " 459 ™

K00 2 “ 400 " b 400 "

350 2 t 350 " n ) ) 350 "

300 2 it 300 " 1" 300 i

250 2 n 250 " " 250 11

Standard mechanical testing followed heat treatment and
final machining. All tensile tests were performed on a
Baldwin, 120,000 1b, capacity, universal test machine,
equipped with a Tate-Emery load indicator and asutomatic
load=-3atrain recorder. All impact tests were performed
on a Riehle impact test machine.

Part D@

The susceptibility of the final process, determlned from
an analysis of the three prec:eeding sectlons, to quench
cracking was determined by the use of quench crack speci-
mens a8 shown in Figure 5. Ten specimens were heated to
the austenitizing temperature of 1525 F, held for one
hour, and quenched in agltated oll, As soon as the speci-
mens had cooled to the temperature of the oil, 82 F, they
were given a rough metallographic polish across the flat
faces. The specimens were then examined for cracks with
the aild of a binocular micrcscope.

{

JTHATY JEPONT SHEET -

Department &
FWP 1072~8-5%4
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Phase II:

Specimens in this phase of testing, as determined frem
Phagse I, were treated as follows:

1, Austenlitize at 1525 F for one hour,

2. Quench in agltated oil at room temperature,
3. Temper for Ltwo hours at 465 F. .

4, Air cool to room temperature.

The Sunbeam atmosphere furnace was used for the auztenitizing
treatment and temrering was performed in a Hevl Duty Temperite
furnace., The Temperite furnace was used rather than the
lsboratory salt bath furnace because lmproved temperature
contrel could be obtained,

rvart A:

Tensile tests were performed on seven longitudinal and

8ix transverse apecimens of the type shown in gure 1.

All tests were performed in accordance with atandard

test procedures., Ultimate stress, yleld stress, percent
elongation, percent reducticn in area, modulus of elasti-
elty, and Rockwell £ hardness values were determined for
each specimen. - A load rate of 10,000 1lb/min wa3s maintained
throughout all testing. :

Part B:

Compression yield strength tests were performed on five
gpecimens of the type shown in Figure 6, Three ABT
strain gages wzre mounted on each specimen at 1200
intervals on the circumference at the center and parallel
to the longltudinal axis. The strain gages on each speci-
men wera wired in parallel to obtain an average strain
reading. A modified Brown Recorder provided a continucus
record of load versus strain,

Part C:

Four solid shear specimens, Figure 7, wers loaded and
tested to failure in the Jjig shown in Figure 46, Shear
faces of the jig were ocne diameter from each end of the
specimen. The Jjlg and speclimens were designed with
tolerances specified to obtailn a press filt. A dial gage
was used to measure the load deflection curve for each
specimen. All tests were performed on a 600,000 1b.
Baldwin universal test machine.

WTHTY RRPORT SHEEY

Dapartrnent 4
FWP 1077..8-54
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Part Dt

At least two hollow shear specimens of each type (Figure
8}, having diameter to wall thickness ratios of 3, 5, 7,
g, and 11, were tested to fallure in the same jlg used
for 3olid shear specimens. The testing procedure was
1dentical to that used for solld shear specimensd with the
exception that part of the tests were conducted 1n a

120,000 1b. Baldwin universal test machine,

Part E:

o

Three lug type besring specimens, Flgure 9, of each tLype
having edge distance/bearinz nole dismeter ratios of 1.0,
1.5, and 2.0, were tested to fallure in the Jlg shown in
Figure 47. Two dial gages were used to measure the
“average movement of the bearing pin during loading.

Parv F:

1. Six sustained load specimens, Figure 10, were tested
in specially designed Jigs, as described in Convalr,
Ft. Worth Report No. MR 52-8. Two specimens were
loaded to each stress equal Lo 70, B0 and 0% of the
ultimate strength. Individual Reockwell hardness
measurements were used to estimats the respactive
tensile strengths of the spescimens, After inltial
loading, the specimens were periodically checked for
load changes once per week untll failure occurrsd or — — —
until 1440 hours expired. (5 Ficure l1UA for Jdescrip-
cion of sustazped Load Lest
2. Elght sustained load specimens were cadmium platad
and baked per P. S. 732.01%and tested at 60, 70, BO
and §0% of the ultimate strength stress levels.
Testing followed the same procedure as outlined

above for bare specimens,

3. Eight sustained load specimens were shot peened by
the Metal Improvement Company of Los Angeles, in
accordance wlth the following speciflcations:

a. Shot peen all surfaces except the inside of the
holes per Mil-S-13165 with .019" nominal dia.
shot.

b. Almen "A" intensity of ,006 to .010".

¢. The method of determining intensity and the Almen

- "A" test specimen shall conform to M1il1-S-13165,.

d. The shot used shall conform to M11-S-851B, type

IA or 1B, Class 1,

GO/FY proc

reguirenen

i

UTILITY REPORT SMHEET - Dasartmene 4
FyP 1072-.8-54
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e. Parts shall not be aubjected to processing tem-
peratures in excess ¢ 400 F,
£, Magnaflux inspect parts before and after peening.

Following shot peening, s81x of the parts were chromium
plated at Convair per P. S, 73.04°with the exception
that the baking temperature was limited to 450 F
maximum., Twoe. of the specimens were cadmium plated

and baked per P. S. 73.01. The cadmium plated gpeci-
mens were loaded at 80 and 90% of the ultimate strength
stress levels and the chromium plated speclmens were
tested at 70, 80 and 90% of the ultimate strength
atress levels.

L, Two additional sustalined load specimens were chromium
plated and baked at 450 F with no prior surface
treatment and tested at 7O0% of ultimate atrength.

Part G:
This portien of the testing was concerned with the weld-
ability of modifisd 3AE #4335 and tencile properties alter
heat treatment.

1. Ten tensile apecimens, Figure 1, were arc weldad
(using -atandard inert gas welding procedurea)
using the following electrodes and machine

settings.

a. Arcos 5M {Special High Carbon) - 25 volts, 125 amps,
electro posit*ve. ;
b. P & H 21 - 25 volts, 125 amps; eleciro poslitive,

The material was preheated to 400 -~ €00 F and post=-
heated to 1350 F. Heat treatment was the same as
that used for the other type specimens., Standard
tenslle testa were performed on the specliens after
final machining.

2, Seven sets of flash weld test specimens; Figure 11,
were preparsd at Convair and sent to Menasco Mfg. Co.
at Burbank for welding. Detalls of the welding pro-
cess are unknown. Due to the size of the aspecimen
and the nature of the fallure, Baldwin extensometers
could not be used to meaaure strain during the tensile
tests. A dial gage was clamped to the specimen to
measure deformation over a one inch gage length in-
cluding the weld,

NOTE: P.S. 73.04 is a GD/FW Process 3tandard based on, and containing,
the requirements of Spec. QQ~C~3290,

UTILITY REPORT SHERT - Department &
FWP 1072-2-54
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3, One set of Uniweld test specimens, Flgure 12,

" was sent to Menasco for Uniwelding.. Howsever,
difficulcy was encountered in welding and this
portion of the testing has nou been completed.
An analysls of the welding problems by Menasco
can be found in the discusslon section of this
repors. ' ’

Mcdifiea 3SAE 4335 was scheduled to he tested under two
types of fatligue applications. The axlal fatigue fest
uzing a Sonntag SF-1-U fatigue testing machine with a
5 o 1 multiplving {ixture, has uaca delayed pending re-
work of a fixturse The notehed and unnotched specimena
are chown in F*Lu““s 13 and 14,

The second type was the rotating beam, for which

R. R. Moore fatligue test machlines and specimens, Figure
15, were employed. Testing was performed in ac»ordance
with standard procedures. Ten specimens, each having
the following surface conditions were fatigue tested to
g3tablish sultable 3-N curves:

1. Smooth machined to a 250 rma surfzace finiszh,

2. Smoocth machlned to a 100 rms {inish and
ecadmium plated per P. 3. 73.01.

3. Smooth machined to a 100 rms finish and shot
peened according to the prccedure outllned
under sustained load tests.

4, Smooth machined to a 40 rma finish, shot
peened, chromium plated per P. 3. 73.04,
baked at a temperature not over 450 F, smooth
ground to a 16 rms finish and a final plating
thickness of ,002 1n., and baked at 375 F for
4 hours,

5. Same as (4) above, except the shot peening

was eliminated.

. Smooth ground to a 16 rms surface finish and

baked at 375 F for 4 hours.

Finished per AIA-ARTC-W76 which essentially was:

~N O

a. Finish ground to a 16 rms finish.

b. Bake at 375 F for 4 hours.

¢. Polished longltudinally in four stages with
0, 00, 00C, and 0000 grade emery paper until
no circumferentlal tool marks were visivle
at 20X magnification.

UTILETY REPORT SHEEY

Dagortrant &
FwP i072-8-54
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RESULTS:
Phaze I:

Jominy hardenability results for 6" dia. and 1 1/4" dia. bars
are snown in Table I and Figure 16.

The effects of various austenitizing temperatures upcn the
teaslle properties are shown in Table II and FPigures 17 & 18.

The effects of various tempering temperatures and holding
timesz upon the tensile properties arse shown in Table IIX and
Figures 1¢ and 20. The notch tensile propertiss at various
tempering temperatures and holding times =zre shown Iin Tabls
IV snd Figure 2L The variation of Izod impact astrength with
giffersnt tempering temperatures and helding times is shown
in Table V and Figure 22, :

The effects of various tempering and guenching cyclea upon
the tensile propertles are shown In Table VI and Figures
23 and 24, Notch tensile tesat resnlts ave shown in Table
VII and Flgure 25. Izod impact test resulia are shown in
Table VIII and Figure 25,

& summation of all the tesat results obtained in thls phase of
teating is contained in Table IX and Figure 27.

The guench crack test results are shown in Tabls X,

A recheck on the Izod impact tests was made to ascertalin the

. effact of 450 F and 475 F tempering tempsrature since this
range seemed the probable sholce for the heat treatment of
SAE 4335 {Mod.). The results are shown in Table XI.

Phase II:

The longitudinzl and transverse tensile test resulis are
shown 1in Table XII and Figures 28 and 29.

The compression test results are shown in Table XIII and
Figure 30.

The shear test results for solid and hollow specimens are
shown in Table XIV and Filgures 31 and 33. Figure 32 shows
the effect of wall thickness upon the ultimate shear strength
£ hollow tubes, A typical failed specimen is shown in

Figure 46,
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The bearing test resulis for 1.0, 1.5 and 2.0 edge distance/
dlameter ratios are shown in Tabln XV and Figure 34, Typical
?earing failures for e/D = 2.0 specimens zre shown in Figure
‘;8.

The sustained load teat results for bare, cadmium plated,
chremium plated, and chromium plated after shot peening specil-
mens are zhown in Table XVI and Figure 35. Typical failed
specimens are shown in Pigure 4G,

The tensile test resulta for spacimer 5 arc welded, with Arcos
5M (Special High Carbon), and P & H 21 elactrodes are shown
in Table XVII and Flgure 30.

o flash weldad zpecimen

The tensile test rasults for Menasc
are ghown in Table XVIII and Figure 37

Mo tenzlle test rasulis are reported for Uilweld speclmens due
t0 the difficulty Menazcs had in welding SAE 4335 by this
process. Menasco attempted Swice Lo weld the specimens
supplied by Convalr, but each wald was reje,ued on chip
sxamination for excess white zone,

Menascoe has initlated a test program on the iwelding of
2335 which to date has not prOduced aatisfactory welds.

The test results for rotating-beam fatigue specimens having
various surface trzatazents and finishes are shown In Table

XIX and Figures 38 thru 45, Figure 38 shows the effect of

the vapriocus surface treatmanta upon the fatigue properties of

4335 (Mod.}.

Fatigue test results for axially-loaded tenalon compﬂ saion
gpecimens are incompleta because of diffisulties in appiying
a true tension-compression load with the axisting taat
fixtures, A new fixturs ia being designed to assure accurate
test results. VWhen this {ixture bacomes avallabls, the
fatigue testing will be completed and reported as an addendum
to this report.

DISCUSSION:
Phase I:

Initially, the austenltizing temperature and time at tem-
perature were studled. Varying the temperature in 509 incrs-
ments from 1500 to 1650 F and varying holding time between
one to four hours had very little &ffect on the ductiligy,
fHlowever, the yleld atrength decreased with increasing aus-
tenitizing temperature and holding time a3 shown 1in Figure

’..‘
-3
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The ultimate strength was similarily affected but to a
lesser degres. The results indicated that a desirable
yield to ultimate strength ratio would be cbtalned by

austenitizing for one hour at 1525 F.

The variation of tempering temperatures in inc
250 between 400 and 500 F ylelded very 1litle
elongation zand reduction of are Scatter 4

trend being establlshed. .
tested at each seti of conditicns, Thus, slight
in homogeniety might significantly affect the

suits., The yield strensth increaced zpprexima
pal over the for all
timaes axcept
particularly

e o f PR S
The notch &8t
with higher ¥ §

tage of a short tempering 2 hours

seen in the sharp rise

2.  Although these valus

able XI) to be somawhat
n . 3lnce the

ot
ratlcs were obtain
perature wasz <noz
proparcvies, The offle i Juity
microstructure are shown in Filgur:

The thlrd part of the developmant
treating cycls wa nearned with ve
quenching cyals h would promote maxi
of austenite %o ma
streasses and posslibla sracking., A small
retained austonite 15 undeairadbls 1n a hi
steel because at any time during atreasing,
form Into martensits which has greater volume 5
The resulting induced strass and reduction in ductlility
odn
en

could be suffizisnt to cause a prematurs service fallure,

The work of Cochen at MIT indicates that the tensile yield

to ultimate ratio is a good Indication of the percentage

of retainad austenite, The heat treating processes ex-

amined to prcmofe optlimum propertles were:

1. Marquenching at various holding temperatures wlthin
the Mg~ Hf range.

2. Marquenching followsd by subzero gquenching (-120 7).

3. Same as process (2) except double subzero gquenching
and double tempering.
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Phase II:

The results of tensile teats on longitudinal test specimens,

heat treated by the process determined in Phage X, showad
good mechanical properties. A yleld to ultimate ratlo of
.86 was obtained at an average ultimats atrangtn of 20%,000
si, Average elongation of 10.5% and reduction of arsi of
2.6% were obtained at this strangth lavel, Comparing
thess results to data obtained for SAE 4340 heat {reatsd

to 260,000 - 280,000 psi {Table XXI), tha ultimate and
yield strengths are slightly lower deaplts praotically

the same heat treating procedurea,., This can ba axplalned

by the lewer carbon content, Tha ductililty propartice

are slgnificantly improved by this alloy mediflcation.

The compression yield strength of 227,000 pal diffared

very 1little from the tensile yleld strength valus.

The transverss fensile properties were scmawnat less than
the leongitudinal properties, particularly alongation and
reduction of area. Tha average 2longation dropped to 3.9%
and average reducticn of area was only 7.3%, The yileld to
ultimate ratio was practically the same as that obtazined
for longitudinal zections although the ultimate atrsngth
dropped to 253,000 psi.

Prom Pigure 32 1t may te sesn that the doubla shear strength
of 4335 hollow tubes varied aleng a smooth curve with the
shear strength increasing with increasing wall thickness.
Tha shear strength of a solid cylinder of the zame size

was 166,000 psi,

Increasing the ratio of the diastance from the center of the
hole to the edge of the specimen to the hole diameter
gaused practically a linear increase in ultimate bearing
strength. From Figure 34 it may be aseen that conaiderable
resistance to deformation was galned by increasing the

~e/d ratio from 1.0 to 1,5, while very little increase was

attained in the 1.5 te 2.0 increment, Howaver, the ulti-
mate bearing strength was increased from an averags of
213,000 psi for e/d = 1.C to 460,000 psi for the a/d a
2.0 specimens.

The sustained load tests were devised for a previogus teat
program to study the embrittling effect of hydrogen ab-
sorptlon during cadmium and chromium plating in the presence

of a stress raiser. The test specimen was designed to

simulate the walking beam of the B-36 landing gear, which

had falled due to hydrogen embrittlement. Cadmium plating
applied per Process 3tandard 73.01 embrittled 4335 daapite
the baking treatment of 3 hours at 375 F. Susatained
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~after 00 days of testing. IFurther testing of unpeened

loading above 50% of the ultimate tenslle strength caused
the specimens to fall at times from 6.2 hours to 469 hours
depending upon the load. A definite curve of load versus
time to failure could not be astablished from the data
hecause of excesslve scatter as shown in Figure 35. Flve
of the 3ix specimens which failed, falled through the
smaller, supporting hole rather than the bearing hole as
shown in Figure 4G, This is difficult to explaln since
theoretically twice the atress 1s required for this type
of fallure as compared to the normal fallure. However,
1t was felt that the smaller holes were oversalze, re-
sulting in high stress concentration at the polnt of
contact with the supporting pin. Macroscople lnspectlon
of ths fallure zone did not peveal any inclusions which
would have waakened the section. Zhot paening lowered
the susceptibility of 433F to hydrogen embrittlement re-
sulting from cadmium znd chromium plating as may De seen
in Table XVI. ©One peened, cadmium plated specimen dild not
fail at 80% of the ultimate load and znother loaded to
90% of the ultimate tensile strength nad a life of £33.6
hours. The unpeened, cadmium plated specimens failled
after 86 - 110 hours at 80% load and had a life of 6.2

to 469 hours at 30% load.

Chromium plating had no detrimental effect on the sustainsd
load propertiecz of the peened specimens. Unpeened specl-
mens teated at 70% of ultimate sirength, did not fall

specimens at higher load levels was not performed, sono
dirent comparison can te made of the effect of shot peening
on the sustained lozad properties of chromium plated spzcl-
mens. The highar baking temperature of 450 F maximum
probably aided in the remcval of hydrogen after the
chromium plating treatment. A pozsible explanation which
applies to the cadmium plated specimens as well as the
chromium plated spacimens 18 that the shot peening reduced
the rate of hydrogen diffusion into the steel during the
chemical and electro~chemical treatments. Pecssibly the
compressive surface stresses establlshed by the shot
peening operation resulted In a lowered tensille stress
distribution giving rise to increased sustained load life.

The inadequaciesa of the sustalned load test method should
be noted here. Due tc the process of lcad application
via turnbucklzs, and the technique of load calculatlon by
calibrated strain gage l1links, conslderable error was
introduced into the test results. The loads were checked
once a week and genarally it was found that the load had
decreased elther by yiald of the specimen or the fixturs
or by creep in the glue used to attach the strain gages.
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However, despite these errors, the general trend of re-
3ults is belleved %to be valld.

Tha arc welding of 4335 with Arcos 5M (Special High Carbon}
and P & H 21 electrodes produced weldments having tensile
strengths of T76% and 78% of parent metal tensile strength
respectively. These results were somewhat lower than the
80% wald efficiency determined for 4340 in Convalr Fort
Worth Report No, MR 54-3, Fifty percent of the failures

in the %335 test occurred at the weld Junction. Figure 51
shows typlcal photomicrographs of weld junctlons for both
type elactrodes. A combination of weld junction fallures
{resulting possible from base metal to weld deposit carbon
diffuzion}, porosity and slag inclusions produced tfenslle
properties which were nct truly representative of the
mechanical strengths poesible with Arcos 5M and P & H 2
elsctrodes, Examplas of these defecta can be seen in the
photograph of fractured surfaces in Figure 52. Welding
operator technique is fe2lt to ba the strongest contributing
factor to these low results., Of the twe electrodes, Arcos
5M had better properties from the viewpoint of ductility
and weldabliity.

Menasco [flash welding techniques wsre succeasful for
tubular specimens of #335. A weld sfrengih aof 205,000
_psi was atitained, glving a weld efficlency ol 77%. No
1----------yleld and elcngation were measured; however, these proper-
ties are reported tc be fyplcal of Menasco's flash-welding - - |
rocasa., Menasco has not baen successzsful in Uniwelding
335. Prom correspondence with Mr, M, C. HMacCluer of
Menasco it was learned that all Uniwelds have been re-
Jected after chip examination becaussa of an =2xcess oxygen
enriched zone., Initially it was thought that the welding
failure resulted from improper tezciinigue, When the same
results were obtained after the second welding attempt,
it was assumed that the material wss reaponsible for the
welding difficulties, since thias same procedure had pro-
duced good welds in 4340, Menasco has undertaken a test
program to study the weldability of 4335 by the Uniweld
me thod.

Generally speaking, 4335 compared favorably to 4340 in
rotating beam type fatigue tests for specimens having no
notch, This can be seen by referring to Figzure 38 and
comparing the curve for smooth zround 4335 specimens to

the curve for smooth ground 4340 specimens. An improvement
over 4340 can be noted at the lower stress levels. Shot
peening improved the fatigue characterilstics of 4325, in-
creasing the endurance limit from 118,000 psi to 125,000 pai.
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CONCILUSIONS:

Phase I:

The largest benefit from shot peening was imparted o
the chromium plated specimens. Pigure 53 shows the

surface of a shot peened specimen with 1t3 typlcal im-
preassions resulting from the peening action. For specil-

mena shot peened prior to chromium plating and finish
grinding, only a slight reductlon ian fatigue strength re-
sulted at the nigher stress as compared to unplated, shot
peened specimens. However, for chromium plated speclmens
having no peening, a drastic reduction in fatigue strength
was obtained. This was due probably to the residual atresses
induced by the plating and grinding coperations,

Cadmium plating imparted only a slight decrease In fatigue
1ife at the higher atress levels., Rough machining fo a

250 rms surface finish produced a notch effect which

slightly reduced the fatigue strength and endurance llalf, i
An example of a typical notch produced during this machining !

operation i3 shown in Figurs 53,

1. The best heat treatment for optimum comblnation of all
mechanical properties of SAE 4335 at the 260,000 -
280,000 psi strength level 3

Austenitize at 1525 F for one hour
Quench in agltated oil to room temperature
Temper at 465 F for two hours
Alr cool to room temperature

@

-

aoop

.

2. 'Normal cil quenching from the austenitizing temperaturs
to room temperature followed by a single tempering
cperation was sufficlent to produce maximum austenitlc
transformation., Nelther marguenching, subzero guench-
ing, or double tempering treatments lmproved the
mechanical properties of U335 sufficlently %o warrant !
thelr use in the heat tresating cycle.

3. 0il guenching wlll not produce quench c¢racks in heat
treated parts of 4335; nowever, tempering should
follow quenching wlth as little delay as possible.

Phase II:

The results of tests to determine the mechanical preperties
of SAE 4335 heat treated to the tensile strength lavel of
260 - 230 ksi in accordance with the procedure outlinsd

in Phase I above indicate the following:
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RECOMMENDATICNS:
The conclusion of this evaluation of SAE 4335, heat treated to
260 - 280 k3i, should not be considered as the {inal answe

r
to alrframe reguirements for ultra high strength steels, The
continuing demands for higher perfermance, particularly in the
missile fileld, necessitates further investizations of new

and improved alloy steels,

Many steel companies recognize the need for improved alloy
steels and ars cooperating with the alreraft industry to pro-
vide steels which will meet the higher resquirements of the
future., It is recommended that Convair examine some of the

new zllovs which have peen produced sinos the teglnning of the
4335 program. Amcng these are:

ot

. Vacuum melted 434¢ {E.Q. Ferrovac 4340} -~ the
cleanliness and closer chemical composition control
pogsible with vacuum melting have increased lmpact
and fatigue propertles,. , )

2. Hot work die steels {E.Q. Vasceojet 1000, Poic

tomac M} -
It i3 possible to obtala 2060-280 w3l ultimate stress
& £

Sb
in hot work die stezls using tempering temperatures
of 100C to 1100 F. Tnis higher tempering temperatu
would permit utilization of nigh strengtn d!
in applications where temperatures exceed Lhe normal
tempering temperature of structural alloy steels.

.
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~lxaipl¢i of defects in fracture tene of ars ﬁoldedu

4335 Mod. tensile specimens. Note dark inclusions

~and shiny, spherical gas pockets.
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