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ABSTRACT \.fi‘
The effect of thermal and meéhanical'treatments oh the 'f
~ tensile and notched tensile properties of post-tensioned - ———————
concrete tendon material (AISI Type 5160 steel) was studied. |
The process variables studied ihcludéd normalizing, proof | - "é
; . stressing and stress relieving sequence, stress reliéving» .
time and te;mperature , and tempering temperature of querniched
2& | materials. The effect of test temperature on the properties o
E * 4h<of two‘éondifidh3waé éle studieg. The fracturé toughhessﬂ-muw
é parameters, Kr., were calculated where applicable. N - »%
% e N ~ None of the variations in processing, excluding quench- é
é ing and tempering, improved both the notched and smooth bar | w
f properties. The quenched and tempered specimens performed
%% better in either one test or the other, and in some instances
é better in both. Test temperature had a marked effect on the ]
\ notched tensile results. Notch severity was also shown to

2 Ty B S R B ) N v i
I
pi

. it s~ mne e e — O— PRV PR S OIS PR (O e g o — —_— i e e e o — — e VRS-
X v e
S
N —— . e I T e T T -

~influence the notched tensile strength.




INTRODUCTION

R wh ol - [ —_— ——

“1ncreasing at a rather remarkable rate in order to provide

- keep size and weight to a minimum and architects attempt to

“the concrete has become hard the tendons are loaded by

- }

The use of concrete as an engineering material has been

clvilization with a sufficient number of highways, SChools;
and places to live and work. The strength demands placed

upon the concrete have increased as engineers attempt to

improvelthe aesthetic_featuresof'their designs. Concrete ,,s_§
performs quite adequately when pnrely compressive stresses

are inyolved. However, the tensile strength of concrete is
only‘about 10% of the compressive strength. The tensile pro-u""‘
perties of conorete structures can be improved by the addi-

tion of alloy steel tendons. A network of these tendons is

|
o !
constructed and the concrete is poured over -them., After 1

hydraulic jacks to about 60 to 70% of their ultimate ten-

~sile strength. The tensrie“ioadfis maintained witha —q

‘Mwuniform prOperties in both compression and tension. The T

gripping wedge or nut whlch rests on the end plate. Figure

1l 1llustrates a concrete structure with a tendon under a

tensile load. ' The net result is a concrete struoture with f

tendons also provide a method of conneoting precast struc- -]

- o3 P '
S o S s s i st iR o

&
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Knowledge 1s needed about the relationship between

metallurgical factors and the mechanical demands'placed‘upon

tendon material, since the use of alloy steel rods to post- - l

L




) posed by A A Grlffith in 1920 His concept of crack-

B gyl LA S o s
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tenslon concrete structures is increasing. The practice of

‘*Mpcsitioning“and“ccnnecting‘téhdons‘by“thfeaded couplings
- results in a fairlyisharp_notch. Also, a bar mighﬁ»beacci-'
dentally touched by a weld electrode which would result in a
mechanical notch and a metallurgical ﬁotchsince an area of |
untempered martensite would be formed. |
The effect of specimen geometry on ﬁhe\ notched frac-
fure stress; especialiy wﬁére the principles of fracture
mechanics apply, has been extensively studied. In order to
také full advantage of prior work the specimen géometry used
in this investigation was made to conform with those pre-
“scribed by a fracture mechanics approach._ Thus, itbwss possi-
ble to calculate the"Plane Strain Fracture Toughness Para-
meter" where all fracture mechanics criteria were fulfilled.
This aspect will be discussed further in a later section.
Smooth‘baf tests were also conducted in each heat treated
condition using a standard specimen'size and geometry. The
smooth bar test results prcVided a method of cgﬁparison»bé-'

tween notched and unnotched strength levels.

FRACTURE MECHANICS

4 P A o Ve H el e AL LT et T A et M A § et hid A ke e G an

The basis for sharp crack fracture mechanics was pro- .

(1)

a cataclysmic fashion if the available elastic strain energy

release rate exceeds the increase in surface energy of the

crack.

am:“—prOpagation statcs that. an*existing erack. will-prcpagate in o — o f




~(2) - -»
Irwin showed that the energy approach 1is equivalent

(3)

| stress'field equations for cracks:

The stress-intensity approach states that fracture occurs 1n .

a given material when a critical stress distributlon is

reached.

Westergaard develcped the-following linear elastic

| K cos B (1-sinp e
Ve- (omore O 35— (1oemg sin3d)
K 0 e 1 + sin 6 sin 36
Ny = (QTTr)T72' oo 2 ( - - 2 - 35')
_ K cos 6 sin 6 sin 36
Txy = TEwin)i72 2] 2 2

Yx, Yy and Txy are the normal stresses and shear stress

on an element at distance r and angle © from the crack tip.

KM}§ the stress-intensity factor of fthe elastic stress

field in the vicinify of the crack front. K 1s a function of

the applied stress and the crack length (assuming an in-

finitely sharp crack).'Fcr“a*crackWhose'length'is~assigned S

the value 2a in an infinlte plate, the stress intensity fac-

tor is given by:

' kd y
? |
- |
|
N [
13 o mbmre B bR BE v B s MedletdaB  wh 0 e e e G AT S NG S AU T Y S UEPRL R L S S NS SO PO SO R T SO S o Sl e i Son e e o T e e, A b o e e o6 DR i B ettt i a1, K
: \
- )
- |

Y(Ta) R
The term Kc 1is used to denote the critical value ofIK

to a stress-intensity approach developed by Westergaard . . e T

at the '"P‘Oint Of instabilit‘y Of crack extens:l_on.; or f‘racture

toughness. The fracture toughness term is used to indicate

a measure of the resistance of a material to brittle failure
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. - opening mode'of crack extension, or plane strain conditions.

o~

under severe stress condition as introduced by the presence

of a flaw. The subscript I of Ky or Kyg refers to the

The Westergaard equations describe elastic conditions
and, therefore in materials which exhibit plastic deforma-
€ion at the root of the crack, the crack length must be cor-
recﬁed to include the plastic zone size, The plastic zone
size is found by equating plastic yield conditions to the
elastic stress distribution. Formulas have been developed
Ato determine the plastic zone size for the various test geo-
metries. The formulas used for the notshed round test specl-
mens are given in Appendix I. Since the Westergaard formula-
tion is based on elastic conditions it is valid only when
the plastic zone size 1is small in comparison to the specimen
diameter or thickness. A common test used to determine 1if
essentially elastic conditions exist is to calculate the

ratio of notched tensile strength to the unnotched yield

MMNMPiéﬁé4S€féiﬁ“fépreSéntS'ﬁhé‘mOSt’SeVéPé'StféSﬁ'éOﬁditiOﬁé”“”””M@““

strength. It has been shown that if this value is less
than 1.1 the Kc value calculated from the formulas given in

‘Appendix I will be the plane-strain fracture toughness.

- which can be placed on a material, thus the parameter cal- -

(4) o

“ff§ﬁ1§ﬁ§dﬁﬁﬁ§§?f§h§$?ﬁ??ﬂ@itiQnSfiS7themlowerf¥§Ti§;Offffﬁ????efé%wwmff]

toughness. \That is, there is no way in which the strésséson-’
ditions can be made more severe in their effect on fracture

toughness. The plane-strain fracture toughness parameter



has become quite useful in the deslgn of thick wall pressure

“yessels made | Of ‘high s_trength mater‘lals. -

Description of the Steel Tested:

-
| D '~ EXPERIMENTAL PROCEDURE
|

| The material tested in this experimental program was an
% " AISI Type 5160 steel. Two heats wére tested with slightly
varying chemistry. The chemical analyses are given 1n

| | Table I. The material supplied was 1 1/4 inchés in diameter.
All specimens including the 0.505 inch dlameter smooth bar

tensile specimens were taken from this size bar.

Description of Thermal and Mechanical Treatments:

PEEOEN R T KRS R R S e
i

Several specimens were tested in the standard condltilon

or modifications thereof. The standard condition consisted

e s ST B Saacs, - B A 5 FRCIAECY

of proof stressing hot rolled bars to about 87% of the ulti-
mate tensile strength and stress relieving at TOO°F for

about 4 hours. Other specimens were tested in the austenl-

AT Y A O D T SR N T A ST

tized quenched,'and tempered condition. These specimens 1

were normalized at 1600°F for 1 hour, austenitized at 1550°F

R TR ST A AR L
i
!
I

for 30 minutes, and tempered at the desired temperature for

"l hours. -

e A AL Ll .

The high temperature treatments, austenitizing aﬁ‘155bgffﬁ

and normalizing at 1600°F, were conducted in‘a globar furnace.

e e e i i it s e e A b s i s

" The specimens were packed in cast iron chips to prevent ]

. excessive oxidation and decarburization. A thermocouple was

- placed next to the specimens to monitor temperature and the




o

time for the specimens to come to the desired temperature.

- ' Low temperature treatments; stress-relieving and tempering,
were performed in a forced-air furnace. About 20 minutes

Wereva110wed for the specimens to come to temperature.
The proof stressing was achieved. by loading the spe014
mens to about 37% of the ultimate tensile strength and then

immediately releasing the load.
Description of the Smooth Bar Tensile Tests:

The specimen used for this portion of the testing
program was 0.505 inches in diameter and had a 2.0 inch gage
length. It was a threaded-énd round tension test specimen as
described in the Metals Handbook(g). The specimens were

‘ machined to their prOper sizebefore heat treatment except
for the gage section which was left about 0.020 inches over-

size. The gage section was machined to the proper diameter

after heat treating, removing all scale formed plus any possi-;

ble decarburized material. The specimens were tested in a
* " Universal Testing Machine;‘An extensometer was attached to
the specimeus'so that a plot of elongation.versusﬁioad couid
be recorded which was then used to determine the 0.2% offset
B 1 ¥ % o | etqength.wahe~uitimatewtensile‘strength,‘percent

~—reduction 'in“a‘r’e‘a and ""percent'" ""‘e’IOngation Welf"e” determined -

~wweew~—iﬁ~the usual manner., . Several tests were- cenducted at ey

temperatures about and below room temperature The spe01mens

tested above room temperature were heated in a forced-alr

o furnace to about 120°F above the desired.test temperature,
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The specimens were placed in position in the testing machine

“énd“a chromel --alumel thermocbhple was welded'ontoﬁthe

‘shoulder of the specimen using an_electric discharge welder.

The temperature of the cooling specimen was monitored with
a direct reading potentiometer. The cooling rate was very
slow in the range of temperatures which were tested. The
specimens cooled about 5°F every two minutes, andesince it
only took about two minutes to conduct the tests, the actual
test temperature was within +5°F of the desired tempereture.
- The tests conducted at O°F were conducted in a similar
manner., The specimens were piaced in a cryostat epntaining
dry 1ce fOr about 15 minutes. The specimens were removed and
placed in the test machine. A thermocouple was attached and
the heating rate monitored. The heating rate was similar
to the cooling rate. The temperature during the test could
not be controlled as closely as for the elevated temperature
tests because of the heating due to internal friction as the
specimen was loaded Temperature measurements taken immedie
ately after the test was completed indicated that the speci-
mens were all be%ween 10 and 20°F. The temperature at the |
'F*WW“M““"M“p01nt of yielding was probably very ‘close to O°F, because mosta o

of the heatlng,occurred after the specimen began to neck,

region of the neck. The heating rate was thus quite uniform

and quite slow until the onset of necking. . Since necking

T tekes place after the yield‘point 1s reached and after the
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- perties were measured quite close to the desired temperat‘uré.

- The percent reduction in area and percent elongation were,

however, subject to error because these properties depend
upon the test temperature at all stages of testing.

Description of the Notched Bar Tensile Tests:

The geometry of the notched bar tensile specimens com-

plied with that recommended by fthe ASTng§mmittee on Frac-

- ture Testlng of High Strength Materlals . Most of the

specimens were 1 1/4 inches round, the one exception will be

discussed later, The specimens were 8 inches long with 1

inch of 1 1/4 - 12 N.,F. threads machined on each end. The

distance from the centrally located notch to the threads was

thus 2.4 times the diameter which is greater than the 2D

1imit set by the ASTM Committee. The specimen geometry is |

illustrated in Figure AP-1l.
The diameter at the root of the notch should be 0.707

times the diameter of the bar, or in this case 0.884 inches.

A notch was machined in the center of the specimen to such

a depth that the resulting diameter was 0.900 inches. The

~notch radius was about 0.010 inches. " The "Sp‘é‘cimén ‘was then e

“~p1aced in the fatiguing device shown in Figure 2. The:machine' .

e— [

~ shown 1s- a Milwaukee Model H end“mlller. “The~ ChUCk*WaS

fitted with a sleeve to hold the 1 1/4 inch diameter bars.
Threads were tapped at the bottom of the sleeve to keep

the bars in place. A 2 foot extension arm was made to fit
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th%‘threads on the other end of the specimen. A bearing

CFFSSOPIRS: § mert s | o P e My 1o 3 52 20 AT T SR £ 2

~was attached to the end of the extension arm so that weightS“»

- could be hung from the extension arm. The amount of weight

which was applied was such that the outermost fibers (at
the root of the notch) were loaded to about 90% of the smooth
bar yield strength. The load was calculated using the for-
mula:
90% yleld strength = KMr/I. |
~ where K 1s the stress concentration factor = 4.5(7)"
M 1s the moment = load times moment arm
I is the momént of inertia = r4/4
r is the radius at the root of the notch.
The number of cycles required to produce fatigue
cracks using loads as calcula{ed above varied from 2800 to
54,000, but was usually about%ggjabﬁ/fo 30,000. The fétigue
cracks were vlsible by means of a 20X eyepiece; however, there
was no way of determining the depth of the crack until the _

specimen had been broken in tension. The depth of the crack

was measured after fracture by placing the specimen on a

metallograph with a calibrated stage. Six such.m@asurements
-~ were made at 60° intervals“around‘the‘Specimen;‘“The“cPack”““M“““fm“*~@

 depth was taken to be the average of the six measurements.

— - In most cases the fatigue crack was very concentric. The net"*—

SO L. I S-S A UL U camsimin, o4 aeiceme A Sl e ey s - . - .
L

radius was determined by subtracting the average notch depth

from 0.450, the machined radius.

The specimens tested at elevated temperature and at




: . &,
‘O°F were tested 1n the same manner as the smooth bar tensile |

,specimens tested at these temperatures. Since the cooling or

‘heating rate was slower for the larger specimens the test

temperature could be controlled more closely. The specimens
tested at -100°F were placed in a sheet metal container with

the threads of the specimen exposed so that it could be placed

"1
.......

in the tensile machine. The container was then packed'wiﬁh

dry ice. A copper-constantan thermocouple was used to measure

~the temperature at the ends of the specimen., The temperature
reached -100°F in a few minutes.
Specimens from each heat were normalized at 1600°F

for 1 hour and air cooled and then given the standard treat-

ment, These bars had to be machined to 1 1/8 inches round

so that they could be loaded to 87% of the ultimate tensile

strength without failing in the threads. The machined notch

in-fﬁese'Specimens reduced the net diameter to 0.840 inches.

They were then fatigued cracked so that the net diameter was
" about 0.795 inches, or 0.707 times the gross dlameter.

Description of the Hardness Tests: .

The hardness tests were conducted just below the frac-

Y AT A LA T Ml ey ¥ AT T 8 i [ET O e

ture surface of the notched bar tensile specimens, After =~

the specimens were fractured a disc was cut from the frac-

tured end.l The fracture surface was ‘then ground Just enough

to allow hardness measurements to be made on the entlre sur-
face. Hardness measurements were made near"the center,

midradius, and surface to make sure there were no differences - -

P TR N

Rt T




in structure across the fracture surface. These same speci-

..mens were later used for micro-examination. -

‘DISCUSSION OF RESULTS
The test results are divided into four groups to

facilitate the discussion. These groups consist of the

pearlitic materials, the martensitic materials, the speeimehsf

treated by different methods to the same strength leVel,

and the fracture‘toughness parameters,

;Pearlitic Structures: |

The results obtained for specimens which had a pearlitic
microstructure are given in Table I. It can be seen that
changes in the sequence of the standard treatment had almost
no effect upon either the smooth bar tenslle properties or
the notched tensile strength. These variations in process
sequence include; cold stretching and stress relief at TO00°F
(the standard treatment), stress relieving and then cold
stretching, or just cold stretching. The specimens which
were normalized rather than as rolled prior fo the standard
treatment had similar smooth bar tensile properties, and had

slightly improved notched tensile strength. The specimens

o ol2.

~ which were stress relieved ‘at 1100°F had very good notched

-y

fracture properties, but the smooth bar yield strength was |

*“”so low that- ‘such-a- treatment would be—impractical. —An

attempt was made to relate the smooth bar results with those
obtained with the notched bar. Figures 3 and 4 show plots

of the notched fracture strength versus smooth bar yield
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strength and percent reduotion In area. There was no cor-

egwww—~rélation between notched and smooth bar strength levels,

but there was some 1ndication that the notched tensile

'strength increases rapidly w1th 1ncrea31ng smooth bar ner-
cent reduction of area between 30 and 45%. At percent re-
duction of area values greater than 45% and less than 30%
.there seems to be no correlation between notched fracture
stress and percent reduction of‘area.
-~ The fracture appearance of the notched tensile speoimens
'islshown in Figure 5., It can be seen that there was very
1little variation in fraeturelappearanoe, except for the speci-
mens stress relieved at 1100°F which showed more tearing
than the others. MicroseoPio examination of these specimens W'
revealed that there was little if any difference in micro-
structure resulting from the treatments. Representative
microstructures are shown in Figures 6 to 9.

Three specimens from Heat 1 in the standard oondition

~ 0 were tested without a fatigue crack. These specimens had
only the machined notch which had a radius of 0.010 inches.
They failed at a stress level equal to the smooth bar yield

mmwstrength..hThewsamemspeoimensuwith.afatigue.craekufailedeaesmwwmmmwu~

| ff‘less than one half the smooth bar yleld strength. This -

monstrated rather strongly the-effect of the notch shar ’mij“‘ ““’“

‘ness on the resultant notched bar fracture strength.

Martensitic Structures:

- The results obtalned for specimens which had a marten-
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sitic microstructure are given in Table II. These specl-

- mens displayed a range of smooth bar and notched bar ten-

sile properties. Specimens tempered at the lowest tempere—

“ture, 800°F, had the highest smooth bar strength and the
lowest notched tensile strength. The specfhens tempered
at the highest temperature, 1200°F; behaved oppositely.

The effect of tempering temperatﬁre on the various‘properties

tested is shown in Figures 10 to 13. The optimum balance
~ of smooth bareproperties and notched bar tensile strength

occurred at the intermediate tempering temperature, 1000°F.

The results obtained for the two heats varied only*slightly.
The heat with higher alloy content had higher smooth.bar
properties, but lower notched properties.

The plots of notched fracture strength versus smooth‘
bar yield strength and percent reduction in area are shown
in Flgures 3 and 4, There was an inverse relationShip be - ]
tween notched fracture strength and smooth bar yield strength .
At a yield strength of 175 KSI the notched fracture strength
‘changed quite rapidly. A similar relationship existed be-

. tween notched fracture strength and smooth bar percent re-

i sy Zar

s
=T e e

__duction in area in the martensitic specimens as that in the

pearlitic specimens. The notched fracture strength.increasedwww;u»

. with 1ncreasing smooth bar ductilltyommmr “W_er”_ L

shown'in Figure 14, 'The specimens tempered at the higher'

temperatures had very'unusual fracture surfaces, In addition




........

to tne fracture normal to the tensile\axis; there was fail-
- ure in a direction—parallelto the tensile axis. This can.
- be seen in Figure 14, It is generally accepted that'a tri-
B axial stress state exlsts below the root of a notch in a
circumferentlally notched bar loaded in tension(8). Thus
§ | - there are forces trying to pull the bar apart in all three

‘directions, The unusual fracture which occurred in the spec--ﬂ
1mens temperedat high temperatures was caused by the fact
that the strength in the axial direction of these ductile
materials has been increased by the plastic constraint caused
by the notch. If the radial stress reaches a high enough
valua.failure may also occur in a direction parallel to themewwmww<%
axls of the bar. It was originally believed that the longi-

tudinal failure occurred first; relieving the plastic

D NS LS e T a6 L e T O T N T A Tt S AR T g N R i S B A s ) LNl Tl Y e e
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constraint so that the failure perpendicular to the axis
could proceed. <Severai specimens were loaded to a point
justoelow Which*tailure should occur, The specimens were
then split apart and examlned for transverse failure. Since
there was none, the failures in both directions must have

occurrea at the same load,

—.Specimens Treated to the Same Strength Level: oo

Two process conditions from one heat were tested at

,_several temperatures aboveyand below room temperatures. Thpkﬁ_,~guc

MWCOHdlthnS tested were (1) the standard cold stretched and

stress—relieved treatment and (2) austenitized, quenched and

tempered to the same strength level as the first condition,

PR BT Fiee 3 4 (R R R R R SN L
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pering temperature selected to give a strength level com-

- 16,

small to affect the general purpose of the tests.ATheﬂtqm:

~yield stress at 75°F -and 0°F; thus there was a lower limit

.. The quenched and tempered specimens were not quite'as strong

mwés the standara treatmente but,.the dlfference was too

parable with the standard condition was 1130°F. The test
results which were obtained are reported in Table‘III. The

data are also shown graphically‘in Figures 15 andx16; It

can be seen that with decreasing temperature the smooth bar

strength levels increase, while the ductility decreases. The

ductility values should be used only to indicate trends

because as was indicated in EXPERIMENTAL PROCEDURE these

values may be subject to error. The expected result for a

~eondition of increasing strength and decreasing ductility is

that the material would be more susceptible to brittle failf

ure. This was indeed the case wlth the material in the

standard condition. The specimens tested_at 200°F had a
notched fracture.strength which almost equaled the yleld
strength, whereas at 0°F the ratio of notched fracture stress

to yield stress was 1ess than O.S.H'There was no significant

difference between the ratio of notched fracture stress to

g

'mfor the strength ratip

_There was no. point ln:testing,at temperatures greater

D

than 75°F because the specimens 1n the quenched and tempered
conditlon were notch strengthened even at temperatures down

to -100°F. The tempered martensite was shown tgﬂbe'qulte
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ductile and resistant t0‘br1tt1e fracture even at -100°F"

Although there was no change in the fracture strength there

was a change in the fracture appearance as 1s shown in Figure

17. The fracture in a direction parallel to the specimen

axis disappeared at the lower temperatures and the amount of

fibrous fracture (the dark areas which have probably failed ;

" in a ductile manner) decreased. Thus, the fracture appearance

indicates that a transition from ductile failure to brittle
failure may occur, aithough the fracture strength does not
reflect this, ' |

The morphology of brittle fracture in a pearlitic and
martensitic steel containing 0.56% Carbon has been investi-
- gated by Turkalo(IO) ~ She found that the fracture facet
size 1is dependent upon the size of ferrite areas with a given
crystallographic orientation. Hillert(ll) has shown that
the cryStallographic orientation cf the ferrite in a pearlite

colony is the same throughout since the cementite and ferrite

- plates are actually'interpenetrating single crystals. In

_ture facets should be at least as large as the pearlite -

| addition the orientation of the proeutectoid'ferrite is quite
" often the same as adjacent pearlitic ferrite. Thus, the frac-_

‘¢colonies. 'Turkald found them tfo vary in size between the WQ;";MMMM”WM,

average pearlite colony size and the prlor austenite grain

| w_._,,A.:Ln;comparj,sonto the pearlite colony size. Turkalo has sug-

- s8lze, The fracture facet size of tempered martensite was

equal to the martensite needle size which was quite small




- gested that fracture toughness is related to the fracture

- - facet size;fse that aygiven steel tfeatedto have similar :
stfength levels but different microstructures will show a
_ dependence of fracture toughness on microstructure. The
resuits obtained in this work have substantiated Turkalo's
suggestion, )
Fracture Toughness Parameters:
Up to this point little mention has been made of the
fracture toughness parameters becaase some of the notched
bar fallures did not occur under plane strain conditions. é
i ) Thus, it was better to discuss the results based on notched z
i \ fracture strength alone, Many of the specimens did fail in é
é plane strain conditions and the Plane Strain Fracture Tough- |
% ness Parameters, KIc, are reported in the Tables for these
% specimens, | ‘ |
% It was mentioned in the section on FRACTURE MECHANICS
% that if the notched fraeture strength to smooth bar yield |
; strength ratio i1s less than 1.1 plane strain conditions }
% : exist, A fracture toughness value was calculated using the i
; ’ procedure outlined in Append%x I for all specimens which had .J
1 mmamnetehedwstrength”tO”yiEIG“EtPéngth“ratio‘1esg”thanhlilTMWW“ ’;
i ~~-  The notched fracture strength to yield strength ratio -~ “%
é _gbtaihed,fg;tﬁe;specimeas;givenbthewstanQagggtgeatmepttandem _______ g
? tested atvarious temperatures were all less than 1.1, This i
| _;nd1Cated that plane strain conditions existed for all test E
- temperatures. -The data demonstrate that the'fracture tough- - i
o | . o |




| 1to that'shown in_hersﬁthat rere cold stretched and_stress -

ness parameter 1s temperature dependent. The values obtained

limiting lower value. A plot of Kic versusvtest tempera-

ture is shown in Figure 15,

CONCLUSIONS
1. At the same strengtheievel microstructures produced

by oil quenching produced superior notch fracture strength

relieved.
2. There was no relationship between smooth bar yileld
strength and notched fracture Strength for thewpearlitic
materials., There was an inverse relationship between these
two strength'values for the martensitic materials. Above a
critical velue of 170 to 180 ksi in yield strength the notched
fracture strength dropped rapidly. =

3. There was a marked increase in notched fracture

of 30 to 45% reduction in area.
4, Changes in the commercial proeess sequence and

variables had very little effect upon properties. The one

wwexception,stress relief at 1100°F, was impractical because

B L e % LR A G AR 4 XA .

the yield strength was drastically reduced.
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"WETW Increasing temperlng temperature lowered SMo6th

bar strength levels and raised smooth bar ductility and notched

fracture'strength.

6, Test temperature may have an .effect on the notched

emton i et e et A e o - e .. : . . O | Y

'wwat~755F anduO°Emwerequitesimilar,sothereiS'probably’a-WWQWMW;WWW,?

b e A - i g 4 AR o ¢ oo P

strength with increasing smooth bar ductility over the range |




tensile strength. Notched tensile Strength and KI values

" decreased with decreasing test temperature to some llmlting

lower value,

A

7. Bars given the standard treatment were not Severly

- embrittled at room temperature by a charpy notch whereas
those speclmens which had a fatigue crack were embrittled.
Thus, notches produced by proper threading will not improve

the load carrying capacity, whlle notches produced by fatigue
R " b s A have a detrimental effect,
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APPENDIX I

T
=
AN

The general configuration of the fracture toughness
specimen used in this experimental program is shown in

Figure AP-1. The specimen had an overall length of 8 inches,

One inch of threads (1 1/4 - 12 N. K. ) were machined on each

| end. The major diameters used were 1.250 and 1.125 inches.=

2
K1ec was calculated from the following equation:

2

d

Kie = ,1'6ﬁP2D ((.172 - .8 (4/D - 0.65)°)) . 1.

The factor in brackets varied from O 1697 to o.1fz0

for the d values determined for the specimens tested. Thus,

an average value of 0,171 was used. If D is assumed equal to

" 1.250, equation 1 reduces to:

KIC2= 05348 (l/qu)P2 © o 4 o e o o & o s o o o o 2o

The d used in this formula is d,, the actual diameter

at the root of the notch;~plus'the plastic zone size which

1s calculated from:

0 - . o
ap = KIe (1 -V2) . 3.

'MWSJHWFZWYIS:WM | -

IfV is assumed equal to O;333Aequaticn 3 reduces to: .

.......

Further




K1, 1s found by successive approximations. That 1s,

~fwaﬂvalue~for-KIc~isusedinequation 5. The value of d cal- ——

cuiated is then used in equation 2 to determine a new Kice

i 4

The advantage galned byrepeatiné this process more than h N

once 1s minute,

- For plane-strain tests only: N

—— g

dg 1s the minimum diameter of the fatigue ]
crack at the root of the notch., It is |
measured after the specimen has | :
been fractured, |

EGIC 5 _

T -v2y ~ Kic

1, 6§4P Di(o.172 - O.8(%-~ 0.65)° )

= Polsson's ratio
E = Elastic modulus

P = Load at fracture in pounds

d=dg - (K102/3ﬁvy32)

The %yation may be reduced to K
0.414N, VD if do is approximately
equal to O, 07D and if the fterm

,-HKICZ/3TTTYS is very small compared

Ic &

tO do. ”
N n = Notched strength based on the
area dQ/M |

& e e i ot e e . — —_—, < . e ey s v — = reaseons R - Pt R i

. FIGURE AP-l Circumferentially Notched and Fatigue-Cracked

Round Baf §or Plate, Bar Stock, and
Forgings\9

Lo .
G 5 : i
O T (L el e e —— —— i .

Note: D should be larger than M(KIC/T&S)'-
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TABLE I

. CHEMICAL ANALYSIS OF THE MATERTAL TESTED ~

v

C  Mn P S Si Fe

&

0,69 1.20 0.012 0,024 0.30 1.04

0,63 1,02 0,011 0,021 0,27 0.95

Balance

Balance

e

- s - e e g s i, = im i
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TABLE II
- B | - RESULTS OF TESTS CONDUCTED
ON SPECIMENS WITH PEARLITIC MICROSTRUCTURES
HEAT 1 - SMOOTH BAR TEST RESULTS:
0.2% Offset Tensile . .
N Yield Str. Strength % %  Hardness
Condition (Psi.) (Psi.) R. A, Elong. Re
Cold Stretched + Stress Rel. 150,800 164,900 29,2 10.5
at 700°F, / hrs, 149, 200 163,500 29.8 1l1.5
Ave,. 150,000 164,200 29.5 11,0 35
Cold Stretched + Stress 125,500 163,700 32,1 13.0
Rel., 700°F, 8 hrs. 127,700 163,800 29.8 11.5
Ave,  126,600° 163,800 31.0 12.3 34
Normalized at 1600°F, 1 hr. 129,800 149,000 16,6 6.6
Cold Stretched + Stress 131,100 149,200 16.8 6.2
Rel, at 700°F, 8 hrs,
Ave., 130,500 149,100 16.7 6.4 32
Stress Rel., 700°F, 4 hrs., 134,800 164,100 31.8 13.5
+ Cold Stretched 134,000 161,700 28,2 10.5
Ave, 134, A_QO 162,900 30.0 12,0 33
Cold Stretched 133,700 163,700 27.9 - 115
134,700 164,200 27.4 10.5
Ave. 134,200 164,000 27.6 11.0 33
Cold Stretched + Stress £1,100 138,900 33.0 13,5
Rel., 1100°F, 2 hrs. 81, 200 137,600 32.8 140
Ave. 81 200 138,300 32, 9 13. 8 24,
Cold Stretcaed _specimens were loaded to about 87% of the Ultimate Tensile )
. __Strength.. e — e _ et
Stress Relieved specimens were Air Cooled. ‘
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Y:Leld Stre Strength % %  Hardness
Condition (Psi.) (Psi.) R. A. Elong. Rc
Cold Stretohed + Stress 33,7000 129,400 39.5 1.0
Rel.,, 700°F, & hrs. 1134, 200 149,200 36.1 13.5
| Ave, 134,000 = 149,300 37.8 13.3 30
] Normalized at 1600°F, 1 hr. 130,000 146,500 20.5 6.2
é Cold Stretched + Stress 127, 500 144,500 20.5 6.8
Rel., at T00°F, 8 hrs. |
Ave, 128,800 145,500 20.5 6.5 29
Stress Rel., 700°F, 4 hrs., 126,500 147,900 38,9 12.0
+ Cold Stretched 125,000 147,200 38,7 13.0
Ave, 125,800 147,600 38.8 12.5 28
Cold Stretched 129, 600 147,800 36,9  13.0
137,800 148,900 35.7 11.0
Ave., 133,700 148,400 36.3  12.0 28
Cold Stretched + Stress . 81,200 © 137,200 43.7 16,0
“Rel., 1100°F, 2 hrs. 81,400 - 137,800 4l.4 1.0
Ave. 81, 300 137,500 42.6 15,0 6.5

D S T o T o o s e
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- TABLE IT - CONT'D

HEAT 2 - SMOOTH BAR TEST RESULTS:

-~ = RESULTS OF TESTS CONDUCTED S
ON SPECIMENS WITH PEARLITIC MICROSTRUGTURES

0.2% Offset Tensile

26,

—

Cold Stretched specimens were loaded to about 87% of the Ultimate Tens:LIe
Strength,

~ Stress Relieved specimens were Air Cooled.
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TABLE IT - CONT'D

| S ~—--—--———-—— RESULTS OF TESTS CONDUGTED ~~ —— " =
- ON SPECIMENS WITH PFARLITIC MICROSTRUCTURES |

HEAT 1 - NOTCHED BAR TEST RESULTS: ° )

Notched
Stress to
Yield Str.

Ratio _

: Notched  Ave. 0.2%
= - | - Fracture Offset KIc

- Stress Yield Str, -
Condition (Psi.) (Psi.) PsiV¥in

' Cold Stretched + Stress

Rel. at 700°F, / hrs.

Condition (17

Condition (1) with no

fatigue crack,

Ave,

Ave,

Cold Stretched + Stress

Rel., 700°F, 8 hrs,

Normalized at 1600°F, 1 hr.,

Ave,

Cold Stretched + Stress

Rel., 700°F, 8 hrs,

"MZMHE§CN¥WCbldJStrqtched

e b TR W AP VSR NPT FUaps S S SR

Ave,

Ave.

51,100
85,400
51,200
79,300
62,600

169,800
152,500
153,300
158, 500

81,100
63,200
71,100
88, 600
77,600
83,100

69,400

71,900

65,900

150,000

150,000

126,600

T4 400

134,200

23,800

40,100

23,800

37,200

29,300

30,800

No Ao_

' 38,200

32,300
29, 600

33,400
41,900
36, 500

39,200

34,900

32, 500

33,700

1,06

S ' — - C6Id Stretehed .

Ave,

67,700
T4y 200
70, 200

68,300

134,200

31,600
34,800
33,000

32,000

0.51
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* TABLE II - CONT'D ,, |
o ~ ON SPECIMENS WITH PEARLITIC MICROSTRUCTURES
HEAT 1 - NOTGCHED BAR TEST RESULTS:
_ -
Notched Ave, 0.2% | " Notched
- Fracture -Offset KI Stress to
_ - | Stress Yield Str.. ¢ Yield Str.
Condition _ _(Psi,)  (psi.) . Psifin Ratio
Cold Stretched + Stress 140,000 |
Rel., 1100°F, 2 hrs. 123,000 | N, A.
153,800 . _ S —
. ‘ Ave. 138,900  §1,200 | 1.71

Cold Stretched specimens were loaded to about 87% of the Ultimate
Tensile Strength. |

Stress Relieved specimens were Air Cooled..

- N.. A, = Not Applicable.
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TABLE II - CONT'D

=~ RESULTS OF TESTS CONDUCTED
ON SPECIMENS WITH PEARLITIC MICROSTRUCTURES

HEAT 2 - NOTCHED BAR TEST RESULTS:

Condition
Cold Stretched + Stress
Rel., 700°F, 8 hrs,

b X

Ave,

Normalized at 16000F, 1 hr.,

Cold Stretched + Stress
Rel., 700°F, & hrs.

Ave,

Stress Rel., 700CF,
4 hrs. + Cold Stretched

P , | Ave,

Cold Stretched

& Ave °

Cold Stretched + Stress

Rel., 1100°F, 2 hrs.

- R ——_— NN Sle WA TR ks 1 hai e
A AN s B AL A e A oA e AR e AT A 48 45T e 1 ¢ M TN A AR SNSRI et &

. ___,,_ e A_vef I

Notched
Fracture

Stress
(Psi.)

103,400
83, 600

76,900

88,000
115,700
140,900
128, 400

87,100

93,800
103,000

94,700

4, 500

- 82,500

95,100
84,000

61,100
75, 400

..99.400
78,600

Ave, 0.2%

Offset

Yield Str,

(Psi,)

134,000

128, 800

125,800

133,700

81,300

FIC?

Psifin
49,300
39,500

36,100

41,600
55, 400
68, 400
61,900
41,400

AA, 700
49,300

45,100

35,000
38,800

39,600

29,100
36,400

k5 500-
138,300

29

Notched
Stress to |
Yield Str.

Ratio

0.66

1.00

0675

0.63

T T A A e A DU A, A At o WAL Sy Sl Sl At + S h L 0 AT e T

0.97

“Told Stretehed. ‘specimens were Toaded - ﬁﬁ """" éﬁﬁﬁﬁ """"" “87% of the Ultimate

Tensile Strength.

Stress Relieved specimens were Air Cooled,




. TABLE IIT

 RESULTS OF TESTS CONDUCTED N
ON SPECIMEINS WITH MARTENSITIC IHCROSTRUCTURES s

HEAT 1 - SMOOTH BAR TEST RESULTS:
0.2% Offset Tensile
Yield Str. Strength % % Hardness
Condition (Psie) (Psi.) Re. A. Flong. Re
Quenched and Tempered 215,000 237,200 31.6 6e5
at 800°F, J hrs. 210, 500 232,400 32,9 9.0 :
Ave, 212,800 = 234,900 32.3 7.8 Hn
Quenched and Tempered 177,300 200,000 33.1 10,0’
at 1000°F, 4 hrs. 185,900 207,200 35.4 10.0
Ave. 181,600 203,600 34.3 10.0 43
Quenched and Tempered 135,300 156,500 45.1 15,0
at 1130°F, 4 hrs. 134,100 155,500 440 15,0
Ave. 134,700 156,000 4he6 1540 29
Quenched and Tempered 126,600 146,700 47.3 18.0
at 1200°F, 4 hrs. 123, 800 140,700 /9.7 18,0
Ave, 125,200 143,700 48,5 18.0 26

Quenched and Tempered spec1mens were Nomalized at 1600°F, 1 hr.,
Air Cool; Austenitized at 1550° F, 30 min,, Oil Quenchy and Tempered
at the temperature indicated for 4 hrs., Air Coole.
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| ﬂ TABLE IIT - CONT!D
3 e ' RESULTS OF TESTS CONDUCTED ”
 ON SPECIMENS WITH MARTENSITIC MICROSTRUCTURES -
§ HEAT 2 - SMOOTH BAR TEST RESULTS:
0.2% Offset Tensile
| Yield Str. Strength % %  Hardness
| Condition (Psi,) (Psi.) R. A. Elong. _ Re
Quenched and Tempered 177,800 201,100 39.4 10.4
~at 800°F, 4 hrs. 179,300 204,200 38,8 10.2
] Ave. 178,600 202,700 39.1 10.3  43.5
Quenched and Tempered 167,200 185,800 41.7 13.5
| at 1000°F, 4 hrs. 161,200 181,900 42.7 12,5
. Ave. 164,200 183,900 42.2 13.0 38
Quencheg and Tempered 138, 400 257,300 44.9 16,0
at 1100°F, 4 hrs, 140,200 157,900 44.3  17.0
Ave, 139,300 157,600 /446  16.5 31
Quenched and Tempered -, 119,300 132,000 54.3 18.5
at 1200°F, 4 hrs. ..118,600 132,300 53,2 18.5
Ave, 119,000 132,200 53.8 18.5 26
" Quenched and Tempered specimens were Normslized at 1600°F, 1 hr., Air
Cool; Austenitized at 15500F, 30 min., Oil Quench; and Tempered at the
temperature indicated for 4 hrs., Air Cool. -
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- TABLE III - CONT'D

e

— RESULTS OF TESTS CONIUCTED

ON SPECIMENS WITH MARTENSITIC MICROSTRUCTURES

HFEAT 1 - NOTCHED BAR TEST RESULTS:

A A

Condition
Quenched and Tempered
at 800°F, 4 hrs,

Ave,
Quenched and Tempered
at 1000°F, 4 hrs.

Ave o

Quenched and Tempered

at 1130°F, / hrs.

Ave,

Quenched and Tempered
at 1200°F, 4, hrs,

Ave.

Quenched and Tempered spe01mens were Normelized at 1600°F, 1 hr,,
~Air Cool; Austenitized at 1550 F 30 min,, Oil Quench and Tempered,g&“thg »
temperature indicated for 4 hrs., Alr Cool.

N. A, = Not Applicable,

Notched
Fracture

Stress

(Psi.)

74,200

60, 300

68,300

67,600
179,100
158,800
188,100
175,300

203,100
185, 800

192,200

193,700

191,200

- 199,600

196, 500

195,800

st s bt R S et e e A et A 1 e S iy vemina e Gemi s .
o — . SR . o

32,
Ave., 0.2% Notched
Offset KIc Stress to
© Yield Str. Yield Str.
(Psi.) Psiyin Ratio
34,500
28,100
31,900
212,800 31,500  0.31
76,100
“ - 90, 800
181,600 84,800  0.96
N. A.
i
134,700 1old,
N. A.
125,200 1.56
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TABLE IIT - CONT'D

-~~~ RESULTS OF TESTS CONDUCTED ~ ~ — - e -

" HEAT 2 - NOTCHED BAR TEST RESULTS:

ON SPECIMENS WITH MARTENSITIC MICROSTRUCTURES

Ave, 0,2% |
Offset K
YieldStr. e

Notched
Stress to
Yield Str.

Notched
Fracture
Stress

Condition
Quenched and Tempered

~at 800°F, 4 hrs.

Ave,

Quenched and Tempered -

Wa¢“lg@ggpym4mhrs.h

Ave,

Quenched and Tempered
at 1100°F, 4 hrs,

Ave,

Quenched and Tempered

gt L?OOOF, '/, hrs.

Va4

Ave,

Quenched and Tempered specimens were Normalized at 1600°F, 1 hr., .

(Psi.)

(Psi,.)

101,900
93,000
95,700

88,800

945 900

206,700
212, 200
226, 600

215, 200
214,, 200

212,300
212,300

212,900

179, 200

191, 200
213,200

19/, 500

178,600

164,200

139,300

119, 000

Psivin
4’7 4900
41,900
42, 700
41,7700

43 5 600

103, 400

Ratio

106, 600
114,900

N. A,

1.31

1.52

1.64

. Hr Cool; Austenitized at 1550°F, 30 min., 0il Quench; and Tempered
] at the temperature indicated for 4 hrs., Air Cool |
—_N.A.="Net Appliceble, o
&
b




'TABLE IV

HEAT 1 - SMOOTH BAR TEST RESULTS:

0,2% Offset Tensile

£

34e

- RESULTS OF TESTS CONDUCTED ON SPECIMENS HEAT
TREATED TO 150 KSI YIELD STRENGTH AND TESTED AT VARIOUS TEMPERATURES

Yield Str. Strength % %  Hardness
Condition =~ (Psi,) _(Psi,) BR. A. Elong.  Re
Cold Stretched + Stress Rel. 150,800 164,900 29,2 10.5
at 700°F, 4 hrs. 149, 200 163,500 29.8 11.5
Condition (1) Ave, 150,000 164,200 29,5 11.0 35
Condition (1) tested at - = 169,900 26.9 10.5
QOF 152,900 169,600 29.8 9.5
CAve. 152,900 169,800 28.4  10.0 -
Condition (1) tested at 146,800 160,000 31.4 10.0
1400F ~ 147,700 163,700 31.6 11.0
Ave. 147,300 162,200 31.5 10.5
Condition (1) tested at 141,100 158,900 31,4 11.0
2000F 141,800 157,700 31,2 11.0
Ave. 141,500 158,300 31.3 11.0 _—
Quenched and Tempere 135,300 156,500 45.1 15.0
at 1130°F, 4 hrs, 134,100 155,500 /4.0 15.0
Condition (2) Ave, 134,700 156,000 44.6  15.0 29
Condition (2) tested at 142,900 158,700 /2.3 1.5
OOF 137,000 151,600 46,9 16.5
 Ave. 140,000 155,200 5.2 15.5  —

Quencﬂé& and Tempered specimens w
Air Cool; Austenitized at 1550°F,
at the temperature indicated for

vold Stretched specimens were loaded to about 87% of the Ultimates
TenSiIeStrength. - . |

ere Normalized at 1600°F, 1 hr.,
30 min., 0il Quench; and Tempered
L hrs., Air Cool,.




TABLE IV - CONT*D

~ RESULTS OF TESTS CONBUCTED on SPECIMENS HEAT

TREATED TO 150 KSI YIELD STRENGTH AND TESTED AT VARIOUS TEMPERATURES
HEAT 1 - NOTCHED BAR TEST RESULTS: - 5
Notched  Ave, 0.2% Notched :
- Fracture Offset Kic Stress to ;
Stress YieldStr., | Yield Str. {
"7 Condition (Psi.) (Psi.) ~ Psifin Ratio |
Cold Stretched + Stress 51,100 - 23,800 |
Rel. at 700°F, / hrs. 85, 400 /0,100 |
51,200 “.23,800 g
79,300 37,200 |
72, 600 29,300 !
ﬁ
Condition (1) . Ave. 65,900 150,000 30,800  O.4d ;
‘"Condltlon (1) tested 68,200 32,000 |
at 0°F, 77 , 200 36,200 |
| o o |
i Ave, 72,600 152,900 34,100 047 |
. | | ‘: |
Condition (1) tested 84,4600 39,900 |
at 140°F 89, 400 42,200 |
- 99,000 46,800 }
. . ” b
S L J
Ave, 91,000 147,300 43,000  0.62 |
- Condition (1) tested 126,300 60,800 ;
at 200°F, 135,400 65,700 ,
Ave, 130,900 /41,500 63,300 0.93 !
Quenched aﬁd Tempered at 213,100
1130°F, /4 hrs. 185,800 N. A.
. e 292,200 T e
Condition (2). Ave. 193,700 134,700 1ol
Condition (2) tested 205,000 | -
- av O.F o ‘188,40() S N.A. '
181, 400
Ave. 191,600 140,000 1.37
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~  RESULTS OF TESTS CONDUCTED ON SPECIMENS HEAT

Condltlon (2) tested 187,500

TABLE IV - CONT!D

TREATED TO 150 KSI YIELD STRENGTH AND TESTED AT VARIOUS TEMPERATURES

HEAT 1 - NOTCHED BAR TEST RESULTS:

V4

Notched  Ave. 0.2% , Notched
Fracture = Offset K1 Stress to

Stress  Yield Str. Yield Str.

Condition (Psi.) (Psi.) Psiyin Ratio

at -100°F, ; 204,000 | N. A.
| . 201,200

Ave, 197,600 —— ——

_ Cold Stretched specimens were. loaded to-about 87% of the Ultimate
Tensile Strength, | <

Quenched and Tempered specimens were Normalized at 1600°F, 1 hr.,
Air Cool; Austenitized at 1550°F, 30 min,, 0il Quench; and Tempered
at the temperature indicated for 4 hrs., Air Cool. ~

e

N. A, = Not Applicable.
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—
Cast-in-Place , oo . ’ o e .0 | Dry Placed
Wedge Plate - . ) CONCRETE L. Pljte

" ° ALLOY STEFL BAR- T R @rip
) .. Mut
H .. L ,' ', ) ® ‘ - o ot ‘o ‘ -

FIGURE 1 - CUTAWAY VIEW OF A CONCRETE BEAM WITH AN ALLOY DTT:EL
TENDOMN HELD IN PLACE BY VARIOUS METHODS
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FIGURE 3 - Plot of Notchel Fracture Stress versus the smooth bar

0.2% Offset Yield Strength of allthe conditions tested,
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FIGURE 4 - Plot of Notched Fracture Stress versus smooth bar

Percent Reduction in Area of all the conditions tested,
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FIGURE 5 - TYPICAL FRACTURE APPTARANCE OF SPECIMENS WITH A

Uppef,Leftw

Upper Right

Lower Left

Lower Right

PEARLITIC MICROSTRUCTURE - HEAT 1

Mag: 1,5X

- Hot rolled.to 1.25.inches round; Prdof Stressed to

87% UTS, Notched Fracture Stress = 68,300 psi.,
- Hot rolled to 1,25 inches round; Stress Relieved at
700°F, /4 hrs., Air Cool; Proof Stressed to 87% UTS,
Notched Fracture Stress = 71,900 psi.,
- Hot rolled to 1l.25 inches round; Proof Stressed to
- 87% UTS; Stress Relieved at 700°F, & hrs,, Air
Cool, Notched Fracture Stress = 71,100 psi.
- Hot rolled to 1.25 inches round; Proof Stressed
to 87% UTS; Stress Relieved at 1100°F, 2 hrs,, Air
Cool, Notched Fracture Stress = 138,900 psi.

-




FIGURE 6 Etch: 1% Nital

Mags 250X

FIGURE 7 Etch: 1% Nital

Mag: 250X

Stress Relieved 700°F,
4 hrs,, A, C,, Proof
Stressed to 87% UTS

Proof Stressed to
87% UTS, Stress Relieved
700°F, 8 hrs., A.C.

FIGURE 8

Etch: 1% Nital

. FIGURE 9
Mags—250F —————

BEtch: 14 Nital
- Mag: 250X

Proof Stressed to
87% UTS, Stress Relieved
700°F, 4 hrs., A. C,

| Proof Stressed to
87% UTS

FIGURES 6 TO 9 - TYPICAL PEARLITIC MICROSTRUCTURES OF THE SPECIMENS
GIVEN VARIATIONS OF THE STANDARD TREATMENT - HEAT L.
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FIGURE 10 - The effect of tempering temperature on notched and
unnotched strength and hardness - Heat 1. Specimens
were normalized at 1600°F, 1 hr., Air Cool; hardened
at 1550°F, 30 min,, 0il Quenched; and tempered at the
temperature indicated for four hrs., Air Cool. .
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FIGURE 11 - The effect of temperine temperature on the notched
o fracture stress and smooth bar ductilitvy - Heat 1,
Specimens were normalized at 1600°F, 1 hr,, Alr
Cool; hardened at 1550°F, 30 min., 011 Quench; and
tempered at the temperature 1nd1cated for 4 hrs.,
Air Cool, '
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FIGURE 12 - The effect of tempering temperatureon-notched and
unnotched strength and hardness - Heat 2., Specimens
were normalized at 1600°F, 1 hr.,, Air Cool; hardened -
at 1550°F, 30 min., 0il Quench; and tempered at the .
temperature indicated for four hrs., Air Cool. |
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FIGURE 13 = The effect of tempering temperature on notched
fracture stress and smooth bar ductility - Heat 2.
Specimens were normalized at 1600°F, 1 hr,,

Air Cool; hardened at 1550°F, 30 min., Oil Quench;
and tempered at the temperature indicated for 4 hrs.,
Air Gool, “ S |
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FIGURE 14 - TYPICAL FRACTURE APPEARANCE OF SPECIMENS WITH A MARTEI-
SITIC MICROSTRUCTURE - HEAT 1

Mag: 1,5X

Normelized at 1600°F, 1 hr,, Air Cool; Austenitized at 1550°F, 30 nin.,
0il Quench; Tempered 4 hrs. at the temperature indicated, Air Cool.

Upper Left - Tempered at 800°F, Notched Fracture Stress = 67,600 psi.

Upper Right - Tempered at 1000°F, Notched Fracture Stress = 175,300 psi.

Lower Right - Tempered at 1130°F, Notched Fracture Stress = 193,700 psi.
wver Left - Tempered at 1200°F, Notched Fracture Stress = 195,800 psi.
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FIGURE 15 ~ The effect of Test Temperature on the Notched Fracture
Stress and Ky, to the same strength level of Pearlitic
and Martensitic steels heat treated to the same strength
levels = Heat 1, | |
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FIGURE 16 - The effect of test temperature on the yield strength
and percent reduction in area of pearlitic and
martensitic steels heat treated to the same strength

~levels - Heat 1.
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FIGURE-17 = TYPICAL FRACTURE APPFARANCE OF SPECIMENS WITH A MARTFISITIC
' MICROSTRUCTURE, TESTED AT VARIOUS TEMPERATURES - HEAT 1

Mag: 1.5X °

lormalized at 1600°F, 1 hr., Air Cool; Austenitized at 1550°F, 30 min.,
0il Quench; Tempered at llBOOF, L hrs., Air Cool,

Upper - Tested at 75°F, Notched Fracture Stress = 193,700 psi.
Lower Left - Tested at 0OF, Notched Fracture Stress = 191,600 psi,
Lower Right - Tested at -100°F, Notched Fracture Stress = 197,600 psi.
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