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ABSTRACT

The effects of notch root radii on the toughness of quenched and

tempered 4340 steel were studied in greater details by instrumented and

slow-bend Charpy tests. Also studied was the effect of tempering after

both high and conventional austenitizing temperatures by fracture toughness,

slow-bend Charpy and instrumented Charpy tests. The effects of bainitic

isothermal transformations from high temperature austenitization of 4340

steel were studied by fracture toughness and tensile tests. Microstructural

investigation was carried out by optical, transmission and scanning electron

microscopy as well as X-ray diffraction.

The effects of notch root radii on the toughness results showed

that initially the toughness increased as the notch-root radius increased

and then after a critical notch-root radius was reached, the toughness

dropped. The loss in toughness was coincident with an intergranular fracture

initiation mode. Also, the critical root radius at which the drop in

toughness was noticed was strongly temperature and strain rate dependent

but independent of the prior austenitic grain size. The critical stress or

strain model applies for the initial rise of the toughness with notch root

radius. Beyond the critical notch root radius, fracture criteria based

on 'strain energy density' is consistent with the observed drop in toughness.

A physical model involving double slip band for the intergranular fracture

initiation mode is also discussed.

vii



A new explanation for the differences in toughness behavior between

the sharp crack and blunt notch behavior for the two heat-treatments is pro-

vided. E-carbide precipitation in as-quenched martensite from high tem-

perature austenitization is proposed to improve the toughness in 'sharp

crack' testing. In blunt notch testing, the importance of grain size is

stressed. Here, larger grain size resulted in inferior toughness.

Finally the results indicated that the limited bainitic heat-treat-

ments from high austenitizing temperature studied in this investigation

were not conducive to either toughness or tensile strength. The impairment

of mechanical properties is attributed to large bainitic ferrite grain

size. The tempering behavior from high austenitizing temperature showed

that up to a tempering temperature of about 175°C, toughness increased

continuously; however, toughness dropped at a tempering temperature as low

as 225°C for the high austenitizing case, whereas no such drop was observed

in that tempering temperature range for the low austenitizing temperature

case. SEM, TEM and X-ray studies have indicated that the loss in toughness

was associated with a change in fracture mode, i.e. from microvoid coalescence

to intergranu1ar fracture, and was also coincident with cementite precipita-

tion. It is believed that the prior austenite grain boundary segregation

coupled with cementite precipitation triggered the above embritt1ement.

viii
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INTRODUCTION

Making of iron and steel for use to mankind's advantage dates

back to antiquity. Evidences of use of metals in pre-historic days are

not ,.;ranting. Hm"ever, production of steels and later alloy steels in

an organized way started only in the last century, when cementation

and crucible processes were invented. Thereafter, followed a series of

more advanced processes such as the Bessemer process, the open hearth

process, the basic oxygen process and finally the electric furnace process

of steel making. As the processes of steel making were improved steadily,

so also was the development of steel itself. Apart from carbon steels

with different carbon contents for various uses, alloy steels, which

contain one or more other elements to give them special qualities, were

also developed. For example, today we have aluminum steel which is

smooth and has a high tensile strength. Chromium steel is most widely

used in automobile and airplane parts. Nickel steel has the tensile

strength of high carbon steel without brittleness. Nickel-chromium steel

possesses a shock resistant quality that makes it suitable for armor plate.

4340 is such a low alloy (Ni-Cr-Mo) ultra-high strength and apart from

other applications, is widely used for the landing gear of aircraft as

it has a comparatively high strength to weight ratio. Modification in the

alloy contents or in the processing variables of such alloy steels is

still underway for achieving higher strength and toughness to meet today's

ever increasing demands.
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As the need for newer, stronger, and purer materials in general

and steel in particular has increased, so also has the need increased

to guarantee safety against catastrophic failures, especially in this

space-age world. That has led to different testing methods to assess

a materials resistance against fracture (also known as toughness), i.e.

Charpy, Izod, tension, fatigue to name only a few. As all the above

testing methods have some limitations, efforts have been directed to

more realistically assessing material's resistance to fracture, thus paving

the way for fracture mechanics, which has given the designers a pO't\1erful

tool to deal with fracture problems. By using the plane strain fracture

toughness, K1c' it is now possible to predict the fracture resistance

of brittle structural components in the presence of flaws and defects,

which are inherently present in any structural material.

As mentioned before, low alloy ultra high strength steels offer

the advantage of a high strength to weight ratio. Such steels are often

chosen according to their relative fracture toughness at different strength

levels. However, at high strength levels, the use of these materials is

limited by their low fracture toughness. Maraging steels, as a class of
;.-,

alloys, exhibit one of the best combinations of strength and toughness

available, better than conventionally treated low alloy steels such as

4140 and 4340. However, cost limits their uses except where absolutely

necessary. Recent investigations have proved that the long associated

poor fracture toughness of these very high strength low alloy steels can

be significantly improved approaching the values obtained for the maraging
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steels without the high cost. This has been achieved by altering only

the heat-treatment procedures (i.e. high temperature austenitization).

Furthermore, the fracture toughness levels have been achieved without

a reduction in strength. Later investigations on such modifications in

heat-treatment point out that the enhanced toughness, as reported earlier,

is only an apparent one resulting from a change in mechanical variable

(i.e. notch root radius), rather than arising out of improved micro-

structural features. In fact, it has been argued that the proposed

heat-treatment modification produced a microstructure, which is essentially

detrimental.

The arguement in favor of notch root radius on the enhancement

of toughness has been based on a limited data. The purpose of the present

investigation was to evaluate the notch root radius effects on the tough-

ness of 4340 steel after high temperature austenitization (1200°C) in

greater details. This involves studying (a) a greater range of notch

root radii, (b) larger number of test conditions, and (c) for more number

of heat-treatments, than has been attempted before. The second purpose

of this investigation was to study the tempering behavior of as-quenched

4340 steel after austenitization at l200°C; for tempering in general

renders still higher toughness. From the standpoint of strength and

toughness, bainitic matrices are sometimes as good or better than the

martensitic matrices. Hence a few exploratory bainitic heat-treatments

of 4340 steel after high temperature austenitization were also studied

along with the above objectives.
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1.1 Review of Related Work: The relationship between microstructural

features and !:1echanical properties of metals has been a major study for

the metallurgists for a long time. For a brief review of martensite and

bainite and their impacts on strength, the reader is referred to the

appendices. Recently it has been reported (1) that a high austenitizing

temperature (1200°C) instead of the conventional austenitizing tempera-

ture (S7GaC) for 4340 steel can produce almost two-fold increase in KIc

without the reduction in yield strength in as-quenched condition (For a

detailed description of the KIc testing the reader is referred to the

appendix). Concommitant with the increase in K1c' fairly continuous
°

100-200 A thick films of retained austenite were observed between the

martensite laths. Additionally, specimens austenitized at 870°C contained

twinned martensite plates while those austenitized at l200°C showed no

twinning. The improvement in KIc in the latter case has thus been

attributed to (a) increased amount of retained austenite, (b) absence

of twins in the martensitic laths. One discouraging feature of the modi-

fied heat-treatment is that concommitant with the increase in KIc value,

Charpy value is not increased proportionately. In fact, Charpy value

either decreased slightly or remained the same for 4340 steel (For a

detailed description of the Charpy test the reader is referred to the

appendix.) It has been proposed (2) that the discrepancy in the toughness

behavior of the two heat-treatments in two types of testing can be related

to a notch root radius effect (i.e. fracture toughness specimen contains

a fatigue pre-crack and Charpy specimen has a notch root radius of .01 inch).
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It has been shOvm (2) that in the pee-cracked condition the high

austenitizing treatment gives better toughness than the conventional

austenitizing treatment. However, in the blunt notch testing condition,

the conventional austenitizing treatment gives better toughness than the

high austenitizing treatment (see Fig. 1.1). Thus it has been argued

that the high toughness associated with high austenitizing treatment in

pre-cracked testing condition can be related to an increase in the limiting

root radius p , which may be thought to be equal to the prior austenitico -

grain-size. (For a description of the limiting root radius, see the

appendix). It has also been argued (2) that the modified heat-treatment

lowers the critical fracture stress and hence in blunt notch testing

condition the toughness properties are poor. The decrease in critical

fracture stress has been attributed to segregation of impurities such as

S&P at high austenitizing temperatures. Thus the increase in KIc toughness

is only an apparent one, resulting primarily from increased grain-size.

Also, although it has been shown by TEM that retained austenite in as-

quenched condition is significantly higher for the high temperature

austenitization case (1), it has been claimed by magnetic and X-ray tech-

niques (3) that retained austenite percentage remained unchanged from

conventional to high austenitizing temperature (i.e. about 6%. See Fig~.2).

However, at yield, the retained austenite percentage dropped below 2%.

Thus the retained austenite contribution to improved KIc has been dis-

counted (3).

1.2 General Microstructure/Toughness Consideration: Characterization

of the substructure and the morphology of martensites in steel alloys has

been attempted bymany investigators for several decades. In general,
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two forms of martensites have been recognized; 0) lath martensites

which have been found in low carbon and 18~ stainless steel and which

are dislocated. ~) Plate martensites which have been found in high

carbon and high nickel steels, which are internally twinned. Among the

factors (4) favoring the formation of t\o1innedmartensites are (ai 10\01

M , (b) high stacking fault energy of the parent austenite. Later in-s

vestigation (5) supported only the first factor and discounted the second

one. Another interest:ing aspect (6) between lath and plate martensite is

the enthalpy of transformation; the stored energy in lath martensite

being -1150 J/mole higher than in twinned martensite. This also

supports the earlier contention that lath martensites will be favoured

for a higher M and twinned martensites will be favoured for a lower Ms s

The relative strength and toughness of lath and plate martensite

have been compared by several investigators. Kelly and Nutting (4) have

suggested that the available deformation systems are reduced by a factor

of four in the presence of twins. This decrease in the number of possible

deformation systems will result in both an increase in the strength and

a decrease in ductility and toughness. On Fe-Ni alloys Yokota and Lai (7)

have demonstrated that lath martensites possess superior toughness proper-

ties compared to plate martensites at the same yield strength level.

However, Zackay et a1. (8) showed a one-to-one relation between the

austenitic grain diameter and the length of the largest martensitic p1ates/

laths (see Fig. 1.3) and it has been shown that the strength of martensite

decreased with increase in martensitic plate/lath size but the ductility

is unaffected by the lath/plate size. With regard to rnartensitic laths
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from high temperature austenitization, we have thus two competing factors

for the enhancement of toughness. Since the laths are dislocated and not

twinned, toughness should increase; however, the toughness should de-

crease, because of the concomitant increase of lath size.

The tempering of martensites in steels is an aging process which

is normally considered to occur in three stages (9-11); (a) the decompo-

sition of martensite and the precipitation of ~-carbide, ~) the trans-

formation of retained austenite to ferrite and cementite, (C) the trans-

formation of £-carbide to cementite. ~~ile earlier investigations (4)

failed to identify the carbide during the early stage of tempering,

Murphy and Whitman (12) have unambiguously identified £-carbide in a high

carbon steel, a nickel steel and a silicon steel.

The effect of the morphology of as-quenched martensite has been

first discussed by Kelly and Nutting (4). They reported that the lath

martensite (low carbon steel) was partially tempered during the quenched.

Tempering between 100°-300°C produced little change in the size of the

precipitates. At 300°C they were identified as cementite and at 400°C

they showed signs of growth. In contrast twinned martensite (high carbon

steel) showed no carbide after quenching and no change was detected after

tempering at 100°C. Tempering at 200° resulted in the appearance of

carbides along the twins in the martensite. At 300°C, the carbides were

identified as cementite. Thus the main differences in the tempering be-

havior of a high carbon and a low carbon steel stem from the differences

in the martensitic morphology of the two steels. The mechanical properties

of lath and plate martensites after tempering up to 540°C have been
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investigated by Huang and Thomas (13) in 0.25 pct C steels with varying

amounts of nickel and manganese. They found that at equivalent yield and

ultimate tensile strength levels, the tempered martensite of lmoJer Nn

steels (lath martensites) showed better impact toughness than the tempered

martensites of higher Mn steels (plate martensite). Also it has been

reported by Smith and Heheman (14) that the yield strength of 4340 steel

drops when martensite and bainite are tempered beyond 300°C. This de-

crease in yield strength has been attributed to the coarsening of carbide

precipitates.

A bainitic heat-treatment is often employed to get high toughness

in low alloy high strength steels. The reasons are mainly two-fold;

(~) bainite is very similar to tempered martensite, ~) bainite heat-

treatment is relatively free from quench cracks normally associated with

martensitic transformation. In general, two forms of bainite have been

recognized; (a) upper bainite, where iron carbides (cementite) precipi-

tate between the ferrite laths, ~.) lower bainite where iron carbide

(E-carbide) precipitate inside the ferrite laths. Quantitative relation-

ships between the microstructure and strength of bainite are difficult

to define because of the many interactinp, factors. However, it is

qualitatively known that a large bainitic ferrite grain size and a long

inter-carbide spacing are detrimental to strength. For this reason, lower

bainite is generally stronger than upper bainite. The reasons normally

attributed for the high strength of bainite (15) are (a) dispersion harden-

ing by precipitated carbides, ~) high dislocation density of bainitic

ferrite, (c) solution hardening effect of carbon in solid solution in ferrite,
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(d) Fine bainitic ferrite ~rain-size. Irvine and Pickering (15) have

demonstrated that a .5/.6% C - 1% Cr - 1/2% Mo-R steel can be raised to

255 ~s.i. tensile strength by a bainitic treatment. In fact, it has

been argued (16) that the morphology of lower bainite can be favourably

compared with that of tempered martensite structure. However, Lai (17)

observed two variants of £-carbide in lower bainite. Lai (19) has also

demonstrated that the proeutectoid ferrite and upper bainite have to be

avoided to achieve high fracture toughness in low alloy ultra-high

strength steels. Another interesting fact for the bainitic reaction is

that no partition of alloying elements takes place (18) between austenite

and bainite in Si, Mn, Ni, Mo and Cr steels.

1.3 Experimental Approach: - As stated earlier, a high austenitizing

treatment (1200°C) instead of the conventional austenitizing treatment

(870°C) for 4340 steel in as-quenched condition can produce almost two-

fold increase in KIc' whereas Charoy values are not improved oroportionately.

The microscopical features attributed to such improvementin K areIc

(a) increased amount of retained austenite, ~) absence of twins in the

martensitic laths. On the other hand such improvement in K1c and decrease

in Charpy has been related to an increase in the limiting root radius,

which has been hypothesized to be equal to the prior austenitic grain-

size. The root radius effect has been based on very limited data (up to

0.03" by instrumented Charpy and 0.01" by slow-bend Charoy and at room

temperature only). Therefore, there is further need to emplore the notch

root radius effects in greater details. In this investigation we have

chosen four heat-treatments namely (a) 1200°C/AQ, (b) 870°C/AQ, Cc')l200°C/

AQ + tempering at l75°C,(d) 870°C/AO + tempering at 175°C. The reason

for the additional two heat-treatmentsis that the highest toughness for



13

the l200°C austenitizing treatment has been achieved at a tempering

temperature of 175°C (20). The conventional 870°C austenitizinp.: folloHed

by tempering at 175°C is also studied along with for comparison. Secondly,

E-carbides start participating in the martensitic plates for the conven-

tional austenitizing treatment around that temperature and hence such

comparison will be made on the basis of a more even microstructural

feature. The tests were planned to be carried out by instrumented and

slow-bend Charpy tests and at room and liquid nitrogen temperatures. The

reason for choosing another test temperature (liquid nitrogen) is that

4340 steel is often used as landing gear of aircraft and the service tem-

perature may be well below room temperature. However, mechanical testing

to evaluate toughness is carried out at room temperature only. Since

the temperature of the landing gear, when it hits the ground, is not kno~~,

liquid nitrogen temperature as an additional test temperature was chosen.

In reality, the service temperature will be between the room and liquid

nitrogen temperatures. Initially, root radii varying from pre-crack to

.04 inch have been used. They were later expanded to include two more

root radii (.07 inch and 0.10 inch) for the room temperature instrumented

Charpy testing.

A comparison of the resistance against fracture between plane

strain fracture toughness testing and Charpy testing between the modified

and conventional austenitizing treatments in both as-quenched and tem-

pered (up to 280°C) was conducted. In summary, the differences between

the two types of testing were examined and their effects on the

measured toughness were analyzed. (For a detailed comparison between the
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two tests see the appendix). In addition to as-quenched structure between

the two austenitizing treatments, the tempered structure were also

examined. The reasons are as follows. First, tempering, in general,

renders higher toughness. Secondly, as stated earlier, the tempering

characteristics ~f lath and plate martensites differ and hence it may

be interesting to see the toughness behavior in the tempered structure

after the two austenitizing treatments. Thirdly, retained austenite

generally disintegrates to ferrite and cementite during the second stage

of tempering; whether that has any effect on the toughness or not is worth

noting, since retained austenite has been proposed to contribute to en-

hanced toughness. The tempering temperature has been limited to 280°C

(below 300°C) since the yield strength of tempered martensite starts

dropping beyond 300°C (14).

As stated before, a bainitic treatment is often employed to get

the high toughness in low alloy high strength steels. The reasons are

mainly two-fold, ~) lower bainite is very similar to tempered martensite,

(b) bainitic treatment is relatively free from quench cracks normally

associated with martensitic transformations. Since high temperature

austenitization gives high toughness for 4340 steel in as-quenched condi-

tion, the next logical choice for achieving higher toughness is the

bainitic treatment from high temperature austenitization, which has

never been attempted before. The following experiments were planned based

on the TTT diagram from l200°C austenitization for 4340 steel (sho~m in

Fig. 1.4 [ref. 21 ]). The comparison was made between the bainitic trans-

formation and direct martensitic transformation after high temperature
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austenitization. The lower bainitic region was only planned to be explored as

it has been reported that the proeutectoid ferrite and upper bainite have

to be avoided for achieving high toughness (19). Three temperatures

namely, ~) 350°C, (b) 335°C, (c) 300°C have been chosen for the bainitic

studiep. As seen from the TTT diagram, the first two temperatures are

above M and the last temperature is below M. The difference betweens s

the two treatments is that in the former first bainite is formed followed

by martensite on subsequent quenching; in the latter first martensite

followed by bainite subsequently followed by martensite on quenching.

Bainitic treatments are carried out for varying lengths of time to have

a duplex structure (bainite and martensite) in different proportions.

Also, the resultant structure is tempered to have as-quenched martensite

tempered. As before, the tempering temperature has been limited to 280°C.

1.4 Statement of Purpose: - Recently it has been documented that the

plane strain fracture toughness of 4340 steel can be improved by almost

two-fold (1) in the as-quenched condition when austenitized at l200°C

instead of conventional 870°C. The reasons (1) attributed for such en-

hancement in toughness are (a) retained austenite between the martensitic

laths, (by dislocated martensite instead of twinned martensite. One dis-

couraging feature of the modified heat-treatment is that the Charpy value

is not improved concommitant with the observed increase in fracture tough-

ness result. Such discrepancy in results in two types of testing has

been related to notch root radius effects. (2,3) The argument in favor

of a notch root radius has been based on a very limited data. In this

investigation the effects of notch root radii on the toughness of 4340
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steel after modified and conventional heat-treatment have been studied

in much greater details; (a) broader range of notch root radii (pre-

crack to 0.100 inch root radius), (b)larger number of test conditions

(high and low strain rates and room and liquid nitrogen temperatures),

(c) more number of heat-treatments includin~ both as-quenched and tem-

pered microstructures. Next, the tempering behavior of the steel (4340),

after austenitizing at l200°C has been studied. Since tempering, in

general, renders still higher toughness. Also as the tempering behavior

of lath and plate martensites differ, a com~arison between the temper-

ing of as-quenched 4340 steel after both conventional and high austenitiz-

ing treatments has been made. Tempering in this investigation has been

limited to below 300°C (280°C) because the yield strength of tempered

martensite of 4340 steel drops beyond a tempering temperature of 300°C. (14)

From the standpoint of strength and toughness, bainitic matrices

are sometimes as good as or better than the martensitic matrices. Hence

a few bainitic heat treatments from high temperature austenitization (1200°C)

have been attempted for the 4340 steel to explore higher toughness. Such

attempt has been limited to lower bainitic regions since it has been

demonstrated (19) that for high toughness in low alloy ultrahigh strength

steels both preeutectoid ferrite and upper bainite have to be avoided.
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In this section the experime2tal procedures will be described.

2.1 Materials and _Spec_~12:~_::I.._;:-r~;1dration:- The alloy used in this

investigation was aircraft qualitv 43!tO steel plate with the follovling

chemical composition:

C Mn Si s p Cr Ni No Cu v Fe

.40 .69 .32 .015 .015 .69 1.87 .20 .16 balance

The materials were received in the hot rolled condition in the

point bend specimens) and also Charpy specimen are given in Fig. 2.2. A grind-

ing wheel was used to produce specimens of variable root radii using coolant and

light grinding passes. Prior to testing, the root radius of the notch was

checked with a comparator. In addition to pre-cracked and standard

(.010" root radius) Charpy specimens, specimens of root radii (.004",

.006", 0.020", 0.030", 0.040", .07" and 0.1") were also prepared.

2.2 Heat Treatment - An argon atmosphere tube furnace was utilized

for all high temperature austenitization treatments. This furnace

maintained a temperature within + 5°C. The furnace was sealed at both

ends and austenitizin~ was carried out in an argon atmosphere for 1 hour.

The material being austenitized was then quenched by removing the bottom

and dropping it through the bottom and directly into the agitated oil bath

form of 0.625" thick plates. The location of the specimens with respect

to the orientation of the plates is given in Figure 2.1. The dimensions

of the fracture toughness specimens (both compact tension and three



(a) Orientation of compact tension soecimen

(b) Orientation of charpy specimen. The same orientation known as
L-TS is employed for three-point bend specimen.
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(c) Orientation of tensile specimen.
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below. The bainitic treatment from austenitizing temperature was done

in a salt bath and then quenched in an agitated ell bath at room temperature.

All tempering was done in an agitated salt bath for one hour followed by

quenching in an agitated oil bath at room temperature.

2.3 Testing Method

Fracture Toughness Testing2.3.1

The room temperature longitudinal plane strain fracture

toughness was determined using the ASTM suecified (114) compact tension

testing specimen, Fig. 2.2a. All specimens were machined from 5/8 in.

thick bar stock to final dimensions except for the thickness of an

0.008 in. slot. After the heat-treatment an .008 in. thick slot was

machined in order to act as a notch for introducing a fatigue crack. A

22,000 lbs Instron Lawrence dynamic test system was used for all testing

including fatigue pre-cracking at 6 hz. All fatigue cracks were fatigued

at least 0.10 inch and fatigue loads were kept within ASTM recommendations

(115). Fracture toughness testing was carried out at a cross head speed

of 0.1 ern/min.

The stress intensity for the compact tension specimen

has been determined by Brown and Srawley (46) and can be expressed as a

function of specimen geometry and loading to result in the following

equation
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K = f (~)
'v

a

f (;)
(2.1)

-1017 (~)7/2 + 638.9 (~)9/2 where K is the stress intensity, Pw w . -

the load, B the thickness, w the specimen width and a the crack length.

A crack opening displacement (COD) gauge was used to

follow the crack length during each test. 1.;riththe use of a crack-

opening-displacement vs crack length calibration curve, (Fig. 2.3) for

this particular specimen geometry, the crack length during each test could

be determined from the crack-opening-displacement measured with the COD

gauges. Hence the stress intensities KIc and KQ were determined using

Eq. 2.1 in accordance with the ASTM standards.

2.3.2 Tensile Testing

The room temperature longitudinal tensile properties

were determined using a 1 inch gauge length, 0.250 inch diameter ASTM

specified round specimen shown in Fig. 2.2c. Machining was done prior to

heat treatment. A 100,000 lbs capacity MTS machine was used to test the

specimen at a loading rate of 0.1 em/min. The yield strength was deter-

mined on a micro yield strength level, using a strain gauge extensometer.

2.3.3 Instrumented Charpy Impact Testing

The dynamic tests were performed by an instrumented Charpy

impact machine with 120 ft. lb. capacity. The instrumented tup was part

of a commercial Dynatup system developed by Effects Technology, Inc.,
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Fig. 2.3. Crack opening displacement and crack-length calibration,
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Santa Barbara. On impact, the dynamic load on the specimen is measured

through an electrical signal sent by the strain gauges on the tup of a

Charpy hammer. This electrical signal is related to the load through a

proportionality constant, Pd having units of lbs/v. To assure the

reliability of d)~amic load measurements, two methods can be used to cali-

brate the system. The first method is to compare the impact energy (Wt)

recorded froInthe Charpy machine dial to the energy measured from the

area (A) under the trace of load-time curve recorded by the oscilloscope.

The area measured in units of square inches can be converted to energy

H with units of ft-Ib from the following equation:c -

Wc = A C Cy Pd v/c ,x . a (2.2)

where Ca = area of one square division on the

oscilloscope record.

C
x is the time sweep rate per division.

C
y

is the vertical sensitivity per division and

v is the effective velocity of the tup during the entire

impact. Equating. H to 1~ and rearranaina gives the
. t c h ~

following relation from which Pd can be calculated:

Pd = H calC C v A.
t x Y

(2.3)

Accurate calculation of the effective velocity is diffi-

cult. However, for low values of impact energy the difference between

the initial velocity Vo, and the final velocity, Vf, is relatively small,
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and the effective velocity can be estimated to be a simple average of the

two velocities. Thus,

v (2.4)

A material with an impact energy value of about

20 ft-Ibs is suitable for this calibration purDose, since for values

lower than this, the percent of error in measuring the area under the

load-time trace would increase, and at larger impact energies, Eq. 2.4

would not apply.

The initial velocity at impact is given by

Vo = (2 gh)I/2 where g is the acceleration of gravity and h is the drop

height of the pendulum hammer. The final velocity is determined by the

same relationship where h is the maximum rise height of the hammer after

the impact.

The second method of calibration involves testing a

material for which dynamic properties are known. For example 7075 T-6

aluminum, which has a dynamic fracture toughness of about 23 ksi~ may

be used. Pre-cracked specimens may be broken with the impact hammer and

the value of Pd may be calculated. The dynatup was equipped with an

internal calibration system so that once Pd was known the system was

easily calibrated before testing.

In our case, most of the instrumented impact testing

was done at Effects Technology, Inc., Santa Barbara. A few were carried

out at Battelle Memorial, Richland,at an earlier date. The system located
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at Effects Technology was also equipped with a microprocessor so that

the fracture toughness data could be printed out shortly after the test.

2.3.4. Three Point Slow Bend Testing with Charpy Specimens

The slow bending tests were performed with a specially

constructed three-?oint bending fixture as sho\Vllin Fig. 2.4. The bend

jig was attached to the bottom of the cross-head of the Instron Universal

testing machine. All the slow bend tests were conducted at a cross-head

speed of 0.1 cm/min.

The fracture loads were used to calculate the stress

intensity factors from the fracture mechanics formula for the three-

point bending (46).

and M is the applied moment. In case of pre cracked specimens, it was

done in the same fixture.

Three-Point Slow Bend Testing with Fracture Toughness

Specimens Confi~uration

2.3.5

The room temperature longitudinal plane strain frac-

ture toughness was determined using the ASTM specified 3-point bend

specimens. All specimens were machined from 5/8 inch thick bar stock to

K = 6YM
(a)1/2, where?

BM-

a 2 a 3 4 (2.5)Y = 1.93-3.07 (-) + 14.53 (a/w) - 25.11 (-) + 25.8(a/w)w w
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final dimensions. Pre-cracking and testing was done in a similar fixture

as shown in Fig. 2.5. in an universal Instron testing machine. All fatigue

cracks were at least .05 inch long and fatigue loads were kept within

ASTM recommendations.

The ~tress intensity factor can be expressed as a

fu nction of specimen geometry and can be expressed using Equation 2.5.

2.4 Electron Microscopy

2.4.1 Scanning Electron Microscopy

Scanning electron microscopy was carried out using a

Hitachi scanning electron microscopy at 25 Kv (secondary electron volt).

For each specimen the region adiacent to the fatigue pre-crack was

examined, since this is the region of crack initiation in all types of

specimens. In order to preserve the fracture surface from oxidation or

corrosion, the fracture surface was coated with the Dem-Kote spray. Before

examining the fracture surface the spray was removed by using acetone.

2.4.2 Transmission Electron Microscopy

Sections for transmission electron microscopy were

taken from the midsection of the KIc specimens. Thin foil preparation was

carried out using both the window technique and the jet polishing technique,

(Fischione unit). Two electrolytes, glacial acetic acid plus perchloric

acid and glacial acetic acid plus chromium trioxide, were used. The best

results were obtained from the latter in conjunction with the window
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technique. The exact composition of the electrolvte and the polishing

conditions are given below:

Electrolyte:

Ga1acia1 Acetic Acid 135 m1

25 gms

7 m1

Chromium Trioxide

Hater

Polishing Conditions:

Temperature

Voltage 25 volts

0.1-0.2 amp/cm2Current densitv

The starting material was obtained in 10-15 mil thick-

ness sections by cutting heat treated specimens with a 1/32" abrasive

wheel. Sections were cut while flooded with water. A very low cutting

rate was employed. These 10-15 mil sections were then carefully ground

to about 5 mils thickness. From this thickness, final polishing by either

the window or the jet polishing technique was carried out. Electron

microscope studies were made in a Hitachi electron microscope using 100 kv.

2.5 X-ray Diffraction:- Powders for X-ray diffraction were taken by

filing from KIc samples.

contaminated by filings or oxidation product.

Care was taken to see that powders were not

Cobalt K radiation wasa

used for X-ray diffraction. This analysis was carried out at Tektronix

on a computerized system.
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3. RESULTS

In this section the results will be described. Results are

divided into two categories (a) mechanical results and (b) microscopy.

, 3.1 Mechanical Results: -As indicated in the introduction, the effects

of notch root radii on the toughness of quenched and tempered 4340 steel

were studied in the initial phase. ,In the second phase a comparison was

made between the tempering behavior of 4340 steel after both high (1200°C)

and conventional (870°C) austenitizing treatments. The third phase was

directed to explore the possibility of achieving higher toughness in the

bainitic region after high temperature austenitization. A~~ordingly the

mechanical results are subdivided into three groups. (a) The effect of

notch-root radius on the toughness, (b) comparison of tempering behaviour

after both high (1200°C) and conventional (870°) austenitizing treatments,

(c) mechanical properties in the bainitic region after high temperature

austenitization.

3.1.1 The Effect of Notch Root Radius on the Toughness

Charpy specimens of varying root radii (up to 0.1 ") ~l7ere

tested at room temperature by slow-bend Charpy (slow strain rate) and by

instrumented Charpy (high strain rate) at room and liquid nitrogen tem-

peratures. Prior to notching, the specimens were heat-treated and prior

to testing all the root radii were checked in a comparator. The results

are as described below. As described in the appendix the toughness ob-

tained by such tests is known as the apparent toughness, since they do not

conform to ASTM specifications.
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3.1.1.1 Room Temperature Instrumented Charpy Tesk

The room temperature instrumented Charpy

data having various root radii are ~iven in Table 3-1. Root radii up

to 0.1" (100 mil) were tried. Four different heat treatments were given

to these specimens of various root 'radii,namely (a) l200o/AQ, (b) 1200°C/

AQ followed by tempering at 175°C, (c) 870°C/AQ, (d) 870°C/AQ follmved

by tempering "at 175°C. The corresponding results are shown in Fig. 3.1.

The noticeable feature is that the toughness increased with the increase

in root radius up to 0.04" root radius. However, beyond that point there

was a plateau up to the root radius .07" for the three heat-treatments

namely (a) l200°C/AQ followed by tempering at 175°C, (b) 870°C/AQ, (c)

870°C/AQ followed by tempering at 175°C. The toughness, however, increases

again with further increase in root radius. For the other heat treat-

ments, namely l200°C/AQ, a substantial drop in toughness was observed at

the root radius of .07". However, when the root radius was increased

still further to 0.1", the toughness again increased as observed in the

other cases. It should be pointed out, however, that except for the last

heat treatment (i.e. l200°C/A0) for all other heat treatments general yield-

ing occurred during the test at root radii of .04 inch and larger. For

the last heat treatment, general yielding took place at the root radius of 0.1

inch.

3.1.1.2 Room Temperature Slow Bend Test

The room temperature slow bend Charpy data having

various root radii are given in Table 3-2. Root radii up to 0.04 inch

were studied. The same four heat treatments as described before were
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-DO TEPERATURE TOUCHHESS DATA OF 434B STEEL BY SLOW-BEND CHARPV
SPECIENS HAVIHC ARIOUS ROOT RADII

'PECIPIEHAUSTEHITISIHG
TEPERIHG ROOT K(APP)

SI[IH
,-

'ID TREATt1EHT TEPERATURE RADIUS P AJ tI

'C/IH 'C/IH IHCH

A-151 12B8 AQ .BB4 65.47 71 ,88

A-152
' , AQ .iH!4 7B.23 77 .11

A-153
', AQ .BB 78.23 '77.11

A-154
', AQ .BB6 67.85 74.49

A-155
', AQ .B2 53.56 58.81

A-156
', AQ .82 52.37 57.58

"A-l57
', AQ .e 3 55.95 61 .43

A-15S
', AQ .B3 49.99 54.89

A-159
J , AQ .84 59.514 65.35

A-16B
', AQ .B4 57.134 62.73

1'4-161 12BB 175 .884 86.89 '5.41

A-l£2
'J 175 .8B4 95.223 IB4.55

A-163
'J 175 .BB6 99.984 189.78

14-1£4
', 175 .8B6 184.75 115.82

A-l£5 ' , 175 .B2 53.563 58.81
A-I'6 ', 175 .82 85.781 94.89
A-l?7 J I 175 .B3 92.843 1 B 1 .94

A-168 ', 175 .B3 95.223 184.55
A-1,9 ', 175 .84 IB3.57 113.71
A-17B 'J 175 .84 97.'84 187.17

A-171 87B AQ .884 38.89 41 .82
A-172 ', AQ .8B4 47.'1 52.28
.1\-173 'J AQ .BB6 45.23 49.66
A-174 ', AQ .BB6 44.184 48.51
1\-175 I , AQ .82 35.789 39.21
A-176 ' , AQ .82 36.89 48.51
A-177 ', AQ .83 33.33 36.59
A-178 ' , AQ .83 38.89 41 .82
A-179 J J AQ .84 42.85 47.B5
A-188 I , AQ .84 48.946 44.96

A-181 878 175 .8B4 113.878 124.16
A-182 ', 175 .8B4 117.839 129.39
A-183 J , 175 .BB6 92.843 181.94
A-184 ', 175 .886 188.317 118.93
A-185 ' , 175 .82 11'.'5 128.8B
A-18, ', 175 .B2 114.27 125.47
A-187 ', 175 .83 9'.423 IB5.87
A-188 ', 175 .83 9B.462 9'.33
A-18 <3 , , 175 .84 73.798 81 .83
A-I'B ', 175. .B4 7B.47 77.37
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given to these specimens of various root radii. The corresponding

results are depicted in Fig. 3.2. The noticeable feature in this figure

is ,that the toughness abruptly dropped for all the heat-treatments

when the root radius exceeded 0.01 inch. For root radii less than .01"

the toughness increased with the increase in root radius for all heat-

treatments. However, for the heat-treatment 870/AQ followed by temper-

ing at 17SoC the increase in the toughness was most marked. Beyond that

root radius, the toughness levels off, though the trend is for a little

increase in the tou~hness for all the heat treatments.

3.1.1.3 Liquid Nitrogen Instrumented Charpy Test

The liquid nitrogen instrumented Charpy data

having various root radii are given in Table 3-3. Root radii varying

from zero (Le. pre-cracked) up to 0.04 inch were studied. The same

four heat-treatments as described in earlier sections were given to these

specimens having various root radii. The results are depicted in Figs. 3.3

and 3.4. The important point here is again the drop in toughness when

the notch root radius was increased beyond .006" and levelling off of

the toughness beyond that radius.

In summary, the toughness increased initially

with the increase in notch root radius, as predicted by different models

described in the appendix. However, after a critical root radius was

reached, the toughness dropped, in contrast to all previously reported

literature. Also, the critical root radius at which such drop in toughness

is noticed is strongly temperature and strain-rate dependent.
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TAB E 3-:3

L1ID NITROCEN TOUGHESS DTA QF 3.e STEEL BY IHSTRUETED
CHPV SECIEN HAVIC VAF-IOUS OOT RADII

SF£tIM£N USTENITISIHC
TEPEIHG ROOT (PP)

ID TREAT£HT TEPERATUE RDIUS t:sIflH P1pp,j;-
._ 'C/IH 'C/IH INCH

(.-"t 12Se AQ .BB4 "2.79 46.98! A2g
A-JBe

' , AQ .ee. 5. .B6 59.36
A-Jet

' , AQ .ee6 37 . S 1 41 . S2
.- :n 2

' , AQ . SS6 39 . 13 "2.97

, A-J23
I , Q .82 24.87 27.31

. JB4
' , Q .B2 29.85 32.78

,-3e5
I I AQ .B 3 31 .51 34.68

11-3Bb
' , IIQ .B3 29.19 32.B5

-3e? ' , - AQ .B4 31 .51 34.6S
A-3B8 ' I AQ .B 4 26.28 28.77

A-3B9 12Be 175 .BB4 62.B2 68.1 e
1oI-31B ' , 175 .884 '5.81 ? 1 .38
A-311 ' , 175 .8e 6 '3.82 69.2B
A-312 ' , 175 .Be6 ,s.,' 75.39
A-J13 ' , 175 .82 43.114 47.34

,A-314 ' I 175 . B2 48.89 52.81
A-315 ' , 175 .83 46.44 58.99
A-Jlf ' , 175 .83 57.85 '2.64
A-317 ' I 175 .84 44.12 "8.444
A-3IB ' I 175 .84 51 .8 e 56.B9



TA3..E 3-3 ( CON · 'r .i

L1'~:[ ~:T~CCE~ TOUCHHESS O~T~ OF .342 STEEL BY IHST~U~EHTED
CH~RPY SF[Cl~EH HAYING YAF.ICl' ~OOT ~~DII

t~~CI~E~ AU5TE~ITlS1HG
.'-lD T~EATP\Et;T

,C/1 H

TE~FE~lHG ROOT
TEP\FER~TUF.E ~ADIUS

'C/If.! INCH

~(~PP )

KS IIJ"N 81P A I;;:, .

- 31 878 Q .8 e" 42.79 iC6.98

11-328
I I Q . e B4 "2.'5 47.16

-321
I I Q .Be6 4e.3 4< .61

11-:322
I I Q .BB6 42.'5 47 .16

A-323
'I Q .82 28.B2 3 e .77

A-324
I I Q . B2 25.S4 27.449

-:325 ' I Q .83 25.87 28.44e

-32f
I , Q . B3 39.6. 43.52

11-327
', flQ .84 22.11 24.94

11-328
' , AQ .14 21 . B 6 23.12

A-329 e 18 115 .8S4 65.Bl 11.38
A-33S ', 115 .1B4 62.69 68.83
A-331 ', 115

. Be6 'S.7S 66.65
11-332 ' , 115 .1S6 S 1 ., 1 57.88
A-33J ', 115 .82 441.62 45.18
A-334 ', 175 .82 447 .43 52.88
11-335 ', 115 .83 442.12 446 .25
11-337 ', 175 .14 3 S . S 1 33.5B
A-338 ', 175 .844 29.35 32.23

115.
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Fig. 3. 3. Effect of notch root radius on the toughnes s of 4340 steel
given different heat-treatments by instrumented Charpy
test at liquid nitrogen temperature.
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Effect of notch root radius on the toughness of 4340 steel
given different heat-treatments by instrumented Charpy test
at liquid nitrogen temperature.
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3.1.2 Comparison of Tempering Behavior After Both High (1200°C)_

and Conventional (870°C) Austenitizing Treatments

In view of the differences between fracture toughness

test and Charpy V-notch test, the following experiments were planned to

study the above tempering behavior. Firstly, pre-cracked Charpy speci-

mens were tested under slow-bend condition, the strain-rate approach-

ing that of the KIc testing, Secondly, the fracture toughness test in-

volving three-point bend specimens \vasperformed. Thirdly, both V-notch

Charpy specimens and three-point bend specimens with a root radius of

0.01 inch were tested to evaluate the root radius effect. The results

are described as below.

3.1.2.1 Slow Bend Pre-Cracked Charpy Test

The room temperature slow-bend pre-cracked

Charpy test results are given in Table 3-4a. The pre-cracked length

was measured by a travelling microscope and the a/w ratio is reported

in the table for each specimen. Since to ensure plane strain condition

the a/w ratio is normally kept between 0.45 to 0.55, these tests failed

to meet the ASTM criterion for valid fracture toughness test. Hence,

the toughness, as measured in this program is treated as the apparent

toughness.

Figure 3.5 shows the apparent toughness as

a function of tempering temperature for two austenitizing treatments

namely 870°C and 1200°. It is seen very clearly that in the pre-cracked

condition, the high austenitizingtreatment was unquestionablybetter up



TF~ 3-4

ROOM TE~FERATURE SLOW-BE~D CHARPY TESTIHC DATA FOR 434a STEEL
(A) PRE-CRACKED

iPE C I .. E H

ID

flUSTEHITISINC
TRE~T"EHT

'C/IH--

A 121
II 123

II 124

II 125

.A 126

II 127

1\ 128

~ 2£3
II264

~ 13B

A 131
II 132

A 133
A 134
A 135
tI 136

A 137
~ 138
A 139
A 14B

12BB

,,
. .

. ,

. ,

, ,
. ,

, .

, ,

87B
. ,

. ,

. ,

, ,
,,
,,
, ,

A 191
A 192
A 193
A 194
A 195
A 196
A 197
II198
A 2£7
A 2'8
II 199

A 28B

A 281
A 282
II283

II284

II2BS

~ 286
A 287
A 288
~"259

12BB
,,
,,
, ,
. ,

,,

,,
. ,

,,
,,
,,

81B
,,
,,
. ,
,,

, ,

TEPI\PEP.IHG

TE~PERATURE
'C/IH

AQ
158
15B
175
175
2BB
2BB
225
225
28B

AQ
flQ
1SB
ISB
175
175
2BB
2BB
:28B
:28B

<B> Y-HOTCH

AQ
flQ
15B
15B
175
175
2BB
2BB
225
225
28B
28B

AQ
flQ
15B
15B
115
115
2BB
2BB
225

A/ill

.3

.2£3

.3

.275

.263

.3

.2625

.27~4

.3B48

.3

.3

.3

.3

.3125

.275

.3

.3125

.3

.2875

.3

.2
,,
,,
,,
, ,

,,
,,
,,
, ,

, ,

,,
,,

.2
,,
,,
,,
,,
,,
,,
,,
,,

~1..B p P ) r-
KSII.I~ "FA'.~

64 .552
ge.259
79.238
8 4 . 5 2

95.9B
71.544
83.21
5~.75
68. (;f
52.861

32.66
34.217
39.(;66
38.563
53.195
41 .994
51.418
55.22B
57.97
55.22

66.656
67.856
99.984
183.565
189.5B7
111.887
182.365
189.5B7
96.41
92.85
77.369
85.7Bl

57.134
57.134
IB9.51
IS8.32
126.17
123.19
13B.932
129.14
126.18

7e.88
99.1Bl
86.99
92.8B
leS.29
78.55
91 .36
65.6B€
f6.6e5
58.B6

35.86
37.57
43.55
42.34
58.4B8
46.189
56.46
6B.63
63.65
68.63

73.186
74.5B5
IB9.82
113.714
12B.239
122.852
112.396
12B.238
185.86
1 B 1 .95

84.95
94 .18

62.73
62.73
128.24
118.932
138.535
135.92
143.76
142."6
138.55
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TA3L.E3-4 (CON' T )

ROO~ TE~FERHTURE SLOW-SEND CHARPY TESTIHC DATA FOR ~34a STEEL

(e) II-HOTCH

SPECI~EH
ID

AUSTEHITISIHC
TREAT~EHT .

, C./l H

TE~PEP.IHC
TE"PERATURE

'C/IH

A 2(.(:
A 2~ ~
A 21 E

, ,
, J

225
2:.1£:
28E

J , 119.e3 138.69
122.fB 134.62
119.E291313.69

, I
, , J ,
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Fig. 3.5 Effect of ~empering temperature on the toughness of 4340 steel,
given beth high and low austenitizing treatments by slow-bend
pre-cracked Charpy test.
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to a tempering temperature of about 200°C. However, the toughness dropped

abruptly when the temperin~ temperature was further increased for the high

austenitizing case whereas no such drop in toughness occurred for the

lower austenitizing treatment for this tempering temperature range.

3.1.2.2 Instrumented Pre-cracked Charpy Test

The room temperature pre-cracked instrumented

Charpy test results are tabulated in Table 3.5a and also depicted in

Fig. 3.6 as a function of the tempering temperature for both high and low

austenitizing temperatures. Two important results follow. Firstly, in

the pre-cracked condition the high austenitizing treatment resulted in

superior toughness properties up to a tempering temperature of about 200°C.

Secondly, there was a drastic drop in toughness or 'temper embrittlement'

beyond a tempering temperature of 225°C for the hi~h austenitizing case,

whereas no such drop was observed for the lower austenitizing temperature.

Before the embrittlement, tour,hness, of course, increased with the increase

in tempering temperature as in slow-bend Charpy tests. This also shows

that the strain-rate has insignificant effect on the toughness behavior

of the steel in question.

3.1.2.3 Three-Point Bend Plane Strain Fracture.

Toughness Test

The room temperature longitudinal fracture

toughness data for three-point bend specimen are given in Table 3-6.

The corresponding results are shown in Fig. 3.7. As in the previous cases

the same two trends are noticeable, i.e. in the pre-cracked condition the
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Fig. 3.6 Effect of tempering temperature on the toughness of 4340
steel given both high and low austenitizing treatments by
pre-cracked instrumented Charpy test.
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OOI'\ TEPERATURE EEHD SPECIEH FRACTURE TOUGHNESS DATA FOR 4348 STEEL

SPEClEH USTEHITISING TEPEIHG A/Ii
rJ<IC)ID TREATEHT TEPIPfRATURE - /-

KSI..IH "P':!.JI'I
'C/1H 'C/1H

T-2 B7B AQ .52 38.214 41 .96
T-5 ', 175 .575 65.938 72.4B
T-6 ', 175 .49 74.553 S1.86
T-17 ' , 28B .52 S 3 . 12 91 .27

T-9 1288 AQ .55 77.63 85.24
T-18 ', AQ .57 66.44 72.95
T-13 ', 175 .5 98.44 188.BB
T-14 ', 175 .56 112.B 122.92
T-19 ' , 28B ...9 68 .81 75.55
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Effect of tempering temperature on the toughness of 4340

steel given both high and low allstenitizing treatments by
three-point bend fracture toughness specimen.

\
IJ

Lnarpv t:ougnness ror LlIt::: .lQwt:::r i:tUI>Lt:::lI..LL..L<:'.LU~
L Lt::C1Lun=UL WC1,.:) 0:I..L.111 0'.L LV &01..

of the higher austenitizing treatment up to a temperin~ temperature of

about 150°C; however, beyond that tempering temperature the lower

r 120 ATSM BEND SPECIMEN 140 1
(PRE-CRACKED) .......-

120
L,; c.-

Q..en
100 :e- -.

u '(:-<. 100 Co).... \' t-4
0(.,

U)
80 ;P

U)
U) ,'1; ,." U)
W 1LJ
Z ,," 80 Z:t: J:f''' :t:
C)

/'
C>

=>
0

60 //'
0

.... ....
'(:-<./ 60 ww \',0:: 0(.,/ 0::

=> O /
.... '0/., ....
U , u
ex 40 / ex
0:: li'

40u..

o AQ 80 160 240 320 400

TEMPERING TEMPERATURE (OC) --+

Fig. 3. 7



55

J
I

Fig. 3.8 Effect of tempering temperature on the toughnes s of 4340
Steel given both high and low austenitizing treatments by
slow-bend V-notch Charpy test.
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Fig. 3. 9 Effect of tempering temperature on the toughness of 4340
steel gi \ ~n both high and low austenitizing treatments by
V -notcJ- instrumented Charpy test.
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austenitizing treatment gave superior properties. Also, the 'toughness

drop' which occurred in the pre-cracked testing condition for the higher

austenitizing case occurred in the V-notch testing condition as well.

h~i1e because of low energy tear made of fracture Charpy V-notch energy

is not considered significant in this investigatio~ the corresponding

values are shown in Table 3-7 and Fig. 3.10.

3.1.2.6 Blunt Notch ASTM Bend Specimen

Toughness Test

Fracture

The toughness data by blunt notch ASTM bend

specimens are tabulated in Table 3-8 and are shown in Fig. 3.11. The

trends were exactly the same as in the previous cases. The results in

Fig. 3.8, 3.9 and 3.11 indicate that there was no difference in the tough-

ness behavior with changes in method of loading, specimen thickness, ~w

ratio and the strain-rate. However, the toughness for the lower austenitiz-

ing treatment appeared to be superior when the crack tip is blunt instead

of being pre-cracked. In other words there exists a root radius effect

in the toughness behavior of the two heat treatments as established

earlier (2,3).

3.1.3 Mechanical Properties in the Bainitic Region

Bainitic microstructures have been observed to provide

good mechanical properties in both medium carbon and high carbon steels.

However, most of the mechanical tests reported so far are conventional

in nature, i.e. Charpy impact test, tensile test and the determination of

transition temperature. High strength steels like 4340 fail by a low
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T~ 3-1

ROO~ TE"PE~ATURE CHARPY V-HOTCH EHERGY FO~ 4348 STEEL

".......
. "".,~. ,~},4.'.~I.I,,...

..

. .

,f

,

HEAT-TREATPlEHT AYG. CHARPY EHERG'!'
FT-LBS JOULES

8?B'C/I-AQ
B.69 / 11.775

87B'C/1H-AQ..TT lSB'C/lH 9.4B5 12.75

87B'C/1H-AQ+TT 175.'C/1H lS.8S 14.71

87B'C/IH-AQ+TT 2BB'C/1H
11.57 15.68

B7B'C/1H-AQ+TT 26B'C/1H
1B. 13 13.74

12BB'C/1H-AQ
e .136 11 .83

12BB'C/lH-AQ+ TT1SS'C/1H
IB.85 14.71

12BB'C/1H-AQ+ TT175'C/1H
13.39 18.15

12BB'C/1H-AQ+ TT28B'C/IH
IB.85 14.71

12BB'C/1H-AQ+ TT28B'C/IH
, .144 8.33
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Fig. 3.10 . Effect of tempering tempe rature on the Charpy V-notch energy of
4340 steel for both high and low austenitizing treatments.
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TAELE 3-8

oo TEPERATURE BEHD SPEClEH FRACTURE TOUGHHSS <BLUHT HOTCH)
FOR 434B STEEL

SPECIEH AUSTEHITISIHG TEPEP.IHG A/IrJ :(APP)

KS Ij"IH
,--

ID TREATEHT TEPERATURE -
f'IPA... 1'\

, C /1 H 'CI1H

7-3 87B AQ .44 88.78 97.4B

T-4 ', AQ .47 e3. 11 91 .25
T-7 ', 175 .47 169.47 186.B8
7-8 ' , 175 .48 171.75 leB.58
7-18 ', 2813 .47 149.92 164.1

T- 11 1298 AQ .47 99.48 1B9.142
T-12 ', AQ .48 185.87 116.25
T-15 ', 175 .48 14B.B6 154.43
T-16 ', 175 .475 148.65 154.43

1-28 ', 28B .47 93.697 1B2.88
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Fi~. 3. 11 Effect of tempering temperature on the toughnes s of 4340 steel
for both high and low austenitizing treatments by 3-point bend
fracture toughnes s test (with specimen having: blunt notch
radius = Charp y notch radius).
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i

I

energy tear mode (f)1) in ChArpy testing and hence any small change in

the Charuy value may not correspond to subtle microstructural difference.

Also, in recent years fracture toughness tests are considered to provide

a more scientific basis for determining the material's resistance against

fracture. In order to evaluate the mechanical properties in the bairiitic

region for the steel austenitized at 1200°C fracture toughness tests and

the corresponding tensile tests were conducted.

3.1.3.1 Fracture Toughness Tests

The room temperature longitudinal plane

strain fracture toughness results for different heat treatment in the bainitic

region are given in Table 3-9. In these tables the ratio Pm/Pq is deter-

mined from the load vs crack opening displacement curve generated during

the test. This is shown schematically in Fig. 3.12. These ratios are

included in the tables since they are a new restriction placed on the

determination of the validity of Kr ' The ASTM now specifies (115) that- c

this ratio must be less than or equal to 1.10. However, it was demon-

strated (116) that significant difference in the calculated fracture

toughness does not arise, even though Pm/PQ ratio exceeds 1.10. Normally

the two conditionswhich have to be met for a valid KIc are

1. 1. 10.

2. 2
B ? 2.5 (Kr /a ) .

c ys

Three bainitic isothermal transformation

temperatures were chosen, based on the TTT diagram of 4340 steel

austenitized at 1200°C, namely 350°C, 335°C and 300°C. Specimens were

held at these temperaturesfor varying lengthsof time before quench~ng in



63

TAS':...E3-9

OOM TEERATURE LOHGITUDINl FRACTUE TOUGHNESS DATA FOR 4348 STEEL

SF£C!E AUSTEHITISIHG TEPERIHG K<IC)
r!iP1AX),- pf'lIP Q

H TREAHIEHT TEPERATUP.E KSIjIH P1PAJM k S I J.1 H I'!PAl" M
'C/H 'C/1HR

AC 156 128B/1-35B/1I'!IH AQ 7e.4 77.3 84.3 2.56 1.15.
AC 1 . [) .

' ) AQ 63.8 7B.BS 82.2 98.25 1.17.
At 1:3 ' } 175 9a.55 99.42 91.8 1Be.7 1.B1
H 1:;3 I , 175 7B.8 86.52 87.5 96.88 1.84
A( 134 ' } 2138 81 .4 89.37 88.7 97.39 1 .86
AS 135 } } 2BB Be.B 87.84 98.8 188.48 1.B8

AC 216 12B8/1-3513/51'11H AQ 53.2 58.41 75.9 83.34 1.2
AC 217 } , AQ 68.7 66.65 - - 1.B3
AC 218 I , 175 87.2 95.75 - - 1.B2
AC 219 ', 175 79.6 87.4 - - 1.B3
AC 136 ', 28B 77.S 84.55 94.2 193.43 1.B6

AC 228 12B2/1-35B/3BPUH 175 6B.B 65.B8 61 .5 67.52 1.B9
AC 221 '} 175 58.8 64.56 59.4 65.22 1.B1

At 64 1213B/1-335/3P1IH AQ 8.2 63.9B 66.3 72.79 1.B6
AC 65 ' , AQ 6B.5 66.43 66.8 73.35 1.B3
AC 73 ', 175 88.2 88.86 82.1 9B .15 1.B1
AC 78 I I 2BB 74.S 81.SB 82.7 9B.81 1.B3
AC 71 I I 2BB 78.2 85.86 79.7 87 .51 1.138
AC 74 I I 28B 68.S 75.21 81.4 89.37 1. 86

c 222 12B8/1-335/5.11 H AQ 62.8 6e.9S 69.7 76.S3 1.B9
AC 137 I I 175 69.4 76.29 89.1 97.B3 1.14"
AC 157 I I 175 7B.7 77.63 93.8 183.B 1.17..
AC 75 I I 2BB 82.7 9B.8 88.7 97.39 1.B1

AC 21B 12BB/I-335/1BPlIH AQ 53.8 59.17 66.4 72.91 1.B9
AC 211 I I AQ 52.7 57.S6 63.7 '9.94 1.BB
AC 212 I I 175 62.2 68.29 74.7 82.Bl 1.13
AC 213 I I 2BB 66.B 72.47 83.6 91 .79 1.86
C 214 I I 2BB 63.3 69.5 77.9 85.53 1.12.
C 215 I I 2BB 8S.9 88.82 8B.9 8B.82 1.BB

AC 223 12BB/I-335/3BPlIH 175 54.5 59.84 5S.1 6B.49 1.B4

C 6' 128B/1-335/68"IH AQ 43.5 47.76 58.7 55.67 1.18
AC 67 I J AQ 45.9 5B.4B 45.9 5B.4B 1.BB
AC 68 I J 2BB 53.9 59.18 58.1 63.79 1.II
C 69 J I 2BB 47.2 61.83 57.4 63.B2 1.1B

AC 139 12SB/1-31S/3"IH 2BS 8S.B 87.84 88.2 96.84 1.B8
AC 14B I I 2BB 76.8 84.3:3 'B.3 " .J5 J.12

AC 82 12SB/1-38B/3.UH 2BB 79.2 86.'6 88.8 97.5 1.BS
lie 83 I I 2BB 8S.4 88.28 84.7 93.BB 1.B3
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TASLE 3-9 ( CON' T )

I

' 10D" TE"II.TUIE lDhCITUCIhAL FIACTUIE TDUC"hESS DATA FCI ~3~e STEEL .

SHC!r.E:" :;USTE~ITISI~C TE~PERIHC ~(IC) _ ~I'\A><) r- PP'l/PQ
H TREAT~EHT TE~FEr\ATUP.E KSI/IH P'lP~\'1'\ kSI.1H PlPA~:M -

f - 'C/H 'C/IHI\
.
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an agitated oil bath. They were subsequently tempered in a salt bath

for 1 hour. The results are sho~vn in Table 3-9 and Figs. 3.13,3.14 and

3.15. The toughness values as a function of the tempering temperatures

for different bainitic treatments are depicted in Figs. 3.13 and 3.14.

It is shown that as the holding time for any isothermal transformation

temperature increases, the toughness decreases. Also, up to about 200°C

tempering temperature, the toughness slightly increases from the as-

quenched value. Fig. 3.15 shows the toughness value as a function of

the holding time at 300°C, which is subsequently tempered at 200°C. It

also shows that the toughness decreases as the holding time at the isothermal

transformation temperature increases. From these figures, it is clear

that the above isothermal transformation treatment is not beneficial to

high toughness when the steel is austenitized at l200°C.

3.1.3.2 Tensile Test

The room temperature longitudinal properties

were determined using a strain gauge extensometer. The results are

shown in Table 3-10. Figs 3.16, 3.17, and 3.18 show the ultimate tensile

strengths as a function of tempering temperature for different bainitic

treatments. As shown in Fig. 3.16 the ultimate tensile strengths of the

steel for different holding times and for different tempering temperature

remain almost the same. Fig. 3.17 shows that although the ultimate tensile

strength of 4340 remains the same, if given the bainitic treatment at

335°C for 5 or 60 minutes, the strength is almost two-fold higher for the

steel given the bainitic treatment at 335°C for a holding time of only two
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Fig. 3.13 Effect of tempering temperature on the toughness of high
temperat .re austenitized 4340 steel given the bainitic treat-
ment at 3500 C for different lengths of holding time.
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Fig. 3.14 Effect of tempering temperature on the toughness of high
temperature austenitized 4340 steel given the bainitic treat-
mentat 335°C for different lengths of holding time.
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Fig. 3.15 Effect of holding time at the bainitic temperature of 3000 C
on the toughness of high temperature austenitization 4340
steel, which is subsequently tempered at 2000 c.

I 90 100 I--
l,;.- 90VI

80 /O :E- 00 . -
0 0I),..... ' ....

00 80
(f)

70 ( I' (f)
(f)

Il'J?e)
(f)

W W
Z 1- .,..,. Z
:J: 000

:I:
C) 70 C)
:::> C// :::>
0 I),. 0
t- 60 t-
W W
Q: Q:
:::> 60 :::>
t- t-
t.) U
c:t 50

c:t
Q: Q:

50
0 20 40 60 80 100

HOLDING TIME (MINS) ---.



r 70

I TABLE 3-10
!

oc TEPERATURE LOHCITUDIAl TEHSILE DATA FOR 434B STEEL

SPECIEH AUSTEHITISIHG TEP'lPERIHC U<YS) 0'< U L T )
EL RA

ID TREATP'lEHT TEP'lPERATURE KSI "H/ KSI P'lH/P( ;. /.
'C/IH 'C/IH

.C 71 1288/1-35B/5P'1T AQ 115 792.93 149 IB27.36 4.8 18.3

C '72
', AQ 125 861.88 1621116.926.4 18 .9

C 73
', 175 121 834.3 16B 1183.2 7.5 27.S

C 74
', 175 122841.2 155 IB68.73 5..9 29.9

C 75
', ...,........,- 288 127 875.67 152 1848.84 S.8 38.8

C 76 12B8/1-35B/3BI'IT AQ liB 758.45 142979.S9 IB.l 38.5

C 77
', AQ 114 786.83 146 IBB6.67 9.2 31 .2

C 78 ' , 175 IB8 744.66 1481828.4611.935.7

C 743
', 175 114 786.B3 1471B13.57 11 .1 35.9

C ge ', 28B liB 758.45 145 999.78 18.8 38.S

C f31 128EJ/I-35B/IH AQ 117 886.72 147 1813.57 18.6 3B.B
C 62 ' , AQ 112 772.24 146 1BB6.67 '.2 3B.6

C 83 ', 175 112 772.24 1471813.5711.834.7
C S 4 ', 175 113 779.14 146 18B6.67 11.935.9
t 135 ', 28B 116799.82 146 IBB6.67 IB.9 36.4

t 49 128B/IH-335/2P'1T AQ 195 1344.53294 2B27.13 2.5 5.4

t SE ', AQ 284 14B6.58 297 2B47.82 2.4 4.7

C 51 ', 175 195 1344.53 265 1827.18 6.3 IB.8

C 52 ', 175 212 1461.742651829.186.3 7.8

C 53 ', 2BB 289 1441.B6 258 1778.91 6.3 13.B

C 54 ', 28B 194 1337.63 228 1572.86 5.3 12.3

C 56 12BB/IH-335/5PH AQ 127 875.67 1691165.269.3 24.4

C 57 ', AQ 126 868.77 178 1172.15 9.3 25.2
C 58 ', 175 121 834.3B 164 113B.78 IB.3 33.3
C 59 ', 175 129 889.46 1681158.367.8 28.6

C £8 ', 28B 131 9B3.25 1661144.57 12.3 33.9

C t)1 12SB/1-335/3BPH AQ 122 841.19 156 IB75.62 12.7 35.7
C ,,2 ', AQ 113 779.14 1581834.25 8.7 37.B

C 3 ', 175 128 827.4 156 IB75.62 IB.3 33.9
C 164 ', 175 12B 827.4 152 IB8.84 13.1 43.9

C 16'6 128B/1-335/68"T AQ 121 834.3B 153 1854.94 13.3 39.7

C 6S7 ', AQ 121 834.38 1541861.8311.932.6
C t)8 ' I 175 124 854.98 156 1875.62 13.6 37.6

C 169 I I 175 1178B6.72 153 IB54.94 14 .3 36. B

C 7B I, 28B 127 875.67 153 1854.94 12.5 38.1

C 34 12BS/lH-3IB/SPlT AQ 142 979.89 2BB 1379 3.9 14.9

.C 35 'I AQ 146 IBB6.67 194 1337.83 4.4 21 .1

C 36 I, 175 158 1B3.25 186 1982.47 7.S 38.4
C 37 I, 175 136937.72 185 1275.58 18.3 41.8
C 38 I, 288 1'3 1123.89 189 13B3.16 e.B 36.6
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TA9LE 3-10 (CCH'T)

F.CC~ TE~PERATURE LONCITUDINAL TEHSILE DATA FOR 4348 STEEL

SrECI~EH AUSTEHITISIHC
IC T~EAT~EHT

'C/1H

T E 1'\PER I He (J( IfS )
"-

TEI'\PEP~TURE ~SI ~H/~

,C/IH

f( U L T )v
KSI .-.H/P('

EL
;.

RA
'/.

C 39 12BB/1-3SB/38T AQ 146 18B6.67 162 1254.69 12.9 55.6

C 4 a
' , t:lQ 146 18B6.67 162 1254.89 12.8 44.3

C 41
I I 175 143 985.99 183 1261. 99 13.' :n.9

c 42
' , 175 147 1813.57 18B 1241.1 11.452.9

C 43
' , 28B 146 IBB6.67 183 1261.79 12.5 46.S

C 44 12BB/1-3BB/6BPH AQ 144 992.e6 168 1158.36 15.6 44.'

C 45
' , AQ 147 1813.57 lea 1241.1 16.6 47.3

C 46
' , 175 143 985." 176 1227.31 14.7 5B.2

C 47
' , 175 147 1813.S7 179 1234.21 11 ., 44.6

C 48
' , 26S 148 1828.S 18B 1241.1 12.6 4B.9
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Fig. 3.16. Effect of tempering temperatureon the ultimate tensile
strength of high temperature austenitized 4340 steel given
the bainitic treatment at 350°C for different lengths of
holding time.
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Fig. 3.17 Effect of tempering temperature on the ultimate tensile
strengths of high temperature austenitized 4340 steel given
the bainitic treatment at 335°C for different lengths of
holding time.
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ttolO minutes. Also, while there is change in the strength level for

different tempering temperatures, if the bainitic holding time is 5 minutes

or greater, there is a decrease in the strength as the tempering tempera-

ture is increased fOT the 2 minute case. Fig. 3.18 demonstrates again

that the tensile stren?,th remains more or less the same if the bainitic

treatment at 300°C exceeds 5 minutes and also the strength is far less

than the as-quenched case (20). Thus as in fracture toughness results,
I

the tensile properties are also impaired for all isothermal transforma-

tion temperatures studied, if the holding time is about 5 minutes or more.

3.1.4 Summary of Mechanical Test Results

The mechanical testing results are summarized as follows.

(a) For different heat treatments and consequently microstructures, as

studied in this investigation, toughness increased first with the increase

in root radius and then it decreased. The root radius, at which such

phenomena occurs, was strongly temperature and strain-rate dependent, but

independent of the prior austenitic grain-size. (b) For different

methods of testing studied in this investigation, in pre-cracked spec i-

mens, the higher austenitizing treatment gave superior toughness than that

of the lower austenitizing treatment in as-quenched condition. (c) For

different methods of testing studied in this investigation in both pre-

cracked and blunt-notch testing condition, 'temper embrittlement' occurred

as low as 225°C for the high austenitizing treatments; for the lower

austenitizing temperature no similar drop in toughness occurred. (d) The

limited bainitic isothermal transformation of 4340 steel when austenitized

at l200°C studied in this investigation was not conducive to improved

toughness.
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Since toughness ,.,as not improved for the bainitic

treatment, no further microstructural examination was pursued. The

second two observations certainly indicate that there must be essential

microstructural differences between the higher and lower austenitizing

treatments and necessitates such examination as optical, transmission and

scanning electron microscopy. As for the first observation, mechanical

parameters rather than microstructural parameters may dictate the fracture

morphology and hence necessitates the scanning examination; in the next

section microscopy results are presented.

3.2 Microscopy: - Microscopical examination is sub-divided into three
~

categories (~ optical microscopy, (~ transmission electron microscopy,

(c) scanning electron microscopy.

3.2.1. Optical Microscopy

Fig. 3.19 shows the microstructure of 4340 in as-received

(as rolled) condition. The banded structure which is evident resulted

from the segregation of carbon and alloying elements during casting and

subsequent rolling operation. Fig. 3.20 shows the microstructure of

4340 in as quenched condition when austenitized at 870°C. While the banded

structure is not observed, the fine grain-size (ASTM 9) is evident. Some

dark etching plates are also visible, there are most likely auto-tempered

martensite plates. Fig. 3.21 shows the microstructure of 4340 in as-

quenched condition, when austenitized at l200°C. The most marked differ-

ence as noted between Fig. 3.20 and Fig. 3.21 is the grain size. The

grain-size of Fig. 3.21 is estimated to be ASTM 1. More dark etching plates



Figure 3.19.
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1OOX.

As received structure of 4340 steel. The
banded structure is evident.



Fig. 3.20
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(a) 100X

(b) 1000X

Optical micrograph ofas-quenched sample austenitized
at 870°C (l143°K).

(a) At low magnification ASTM grain size is found to be 7-8
(b) At high magnification, some dark plates representative

ofauto-tempered martensite in a martensitic matrix

(white).



(a) lOOX

(c) lOOOX
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.(b) 400X

Optical micrograph of as quenched sample austenitized at
l200°C (1473°K) (a) At low magnification ASTM grain-size

is found to be 1, (b) At high magnification more dark plates
are found in the structure, (c) At still higher magnification

the relative proportions of autotempered martensite and

martensite (white) are compared.

Figure 3.21.
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representative of auto-tempered martensite are visible in the microstruc-

ture. This is not surprising. since the material has been quenched from

l200°C. The grain-size determination for different austenitizing treat-

ment has been carried out elsewhere (20) and the summary is written as

belm.] .

Solution Treatment Grain Size

As received

870°C/l hr
1000°C/l hr

HOO°C/l hr

l1S0°c/l hr

1200° /lS min

l200°C!30 min

l200°C/l hr

9
9
9
S.S
3
1
1
1

In short, the high austenitizing treatment resulted in grain size, which

was ten times larger (i.e. one order of greater magnitude) than that of

the conventionally treated 4340 steel. Also, more dark plates repre-

sentative of autotempered martensitic plates are observed for the higher

austenitizing case than for the lower austenitizing case.

Fig. 3.22 shows the microstructure of 4340 given in

bainitic treatment from higher austenitizing temperature (1200°C). The

bainitic heat-treatment consists of holding the steel at 33SoC for 3

minutes from the austenitizing temperature and then quench in an agitated oil

bath. The structure consists of lower bainite (dark constituent) in a

matrix of martensite (white constituent). In comparison, Fig. 3.23 shows

the microstructure of 4340 given a bainitic treatment from a lower austenitiz-

ing temperature (870°C). The bainitic temperature was 3lSoC and the hold-

ing time was 3 minutes. The latter treatment resulted in significantly
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(a) .500X

(b) 1000X

4340 steel given a bainitic treatment at 335°C for
3 minutes after austenitizing at 1200° C.

(a) Lower bainite (dark) in a matrix of martensite (white).
(b) At high magnification the relative proportions are compared.

Figure 3.22.

IE
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Figure 3. 23 .
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(a) 500X

(b) lOOOX

4340 steel given a bainitic treatment at 3150 C
for 3 minutes after austenitizing at 8700 c.
(a) Lower bainite (dark) in a matrix of martensite
(white), (b) At higher magnification the relative
proportions are compared.

82
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less bainite. Also, the bainite is not resolvable because of the finer

grain size. The carbon replica pictures shown in Figs. 3.24 and 3.25

also show clearly that more carbide particles have precipitated in the

higher austenitizing bainitic treatment than in the lower austenitizing

bainitic treatment. In other words, the bainitic reaction is accelerated

in the higher austenitizing case relative to the lower austenitizing case

(also clear from the respective TTT diagrams, Fig. 3.26 a and b).

3.2.2 Electron Microscopy and X-ray Diffraction

Fig. 3.27 a shows the bright-field electron micrograph

of as quenched 4340 steel, austenitized at l200°C. The small £-carbide

particles are seen inside the martensitic laths and also by the use of

the selected area diffraction pattern as sho~vn in Fig. 3.27 c. The spots

due to £-carbide are consistent with previous work (17). In contrast,

Fig. 3.28 shows the bright-field electron micrograph of as quenched 4340

steel, austenitized at 870°C. The martensite lath size seems to be

smaller and in particular contain fewer £-carbides or no £-carbides.

The other important microstructural differences betHeen higher and lower

austenitizing treatments, namely absence of tHins 'and more retained austenite

for the high~r austenitizing treatment have been documented elsewhere (1).

Summarizing then, higher austenitizing treatment prodoces more £-carbide,

more retained austenite and less twins.

Fig. 3.29 and Fig. 3.30 show electron microscopy results

for 4340 steel austenitized at l200°C and tempered at 175°C and at 225°C

respectively. After tempering at 175°C, the microstructure consisted of

lath martensite with a high density of dislocation and £-carbide as Hell



84

(a) 2.4K

(b) 6 K.

Fig. 3.24. Carbon replica pictures of samples austenitized at 870° C

and given the bainitic treatment for 3 min at 3lSoC (S88°K).
(a) At low magnification. (b) at high magnification. Carbide
particles in a matrix of ferrite and martensite.
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Fig. 3. 25.

(a) 6K

(b) 10K

Carbon replica pictures of sa11lples austenitized at

and given the bainitic treatment of 3 min at 3350 C.

low magnification, (b)at high magnification. More

particles in a matrix of ferrite and martensite.

85
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Fig. 3.27.

87a

(a) lOK

(b) 30K

(a) and (b).
at 1200°C,
austenite

B.F. image ofas-quenched sample austenitized
showing the presence of E:-carbide and retained
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(c)

(d)

Fig. 3.27 (cont'd) (c) Selected area diffraction pattern, (d) schematic
diagram of the SADP. Note the matrix. Zone areas are
<100> and <111> . Spots due to €-carbide (Z.A.< 1120) )

Q . P:. (103) €
are conslStent wlth preVious work.
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(a) 10K

(b) 16K

Fig. 3.28. (a) and (b) B. F. image ofas-quenched sample austenitized
at 8700 C, showing little or no €-carbide.

(a) 18K
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(a) l8K

(c)

90

(b)

(a) BF image of sam?les austenitized at l200°C and tempered
at 225°C, (b) selected area diffraction, (c) schematics of
SADP. Note the matrix zone areas <llO>a' <lll>a' (OlI)a,
spots due to cementite (Z.A. <lOO>cm) are also indexed
which obey Bagaryatski relationship (OOl)cm 11 (2l1)a'
(100) 11 (OT1) (010) 11 (Tll).em a em .

Fig. 3.30.
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as retained austenite at the interlath boundaries. After tempering at

225°C, although no E-carbide was found, interlath retained austenite was

still present. Also, the selected area diffraction pattern shown in

Figs. 3.30 band c revealed the presence of cementite phase, which

obeyed the Bagaryatski relationship, i.e. (lOO)cml I (all), (OlO)cmll(lll),

(OOl)cm 11(211). Since dark field analysis did not clearly delineate the

cementite, X-ray powder photographs were obtained using cobalt K radia-
. a

tion and the obtained data are given in Table 3-11. The as-quenched samples

and the samples tempered at l75°C~ave diffracted lines with nearly the

same d-spacings; hm..rever,the diffracted ,lines of as-quenched samples were

very broad compared to the sharp lines of tempered samples due to the

large amount of the internal strains in the as-quenched case. The powder

pattern of samples tempered at 225°C contained an extra line which corres-

ponded to the 030 line of Fe3C. The E-carbide particles were extremely

small and line broadening probably prevented their analysis. Similarly,

the amount of retained austenite was insufficient to result in a measurable

intensity. Two unknown, diffuse lines in all three samples were observed

° °
with d-spacings about 2.23A and 1.87A. These lines coincide with d-spacings

of compounds such as Fe-P, Ni2P, Mn4N and A13V, which may have resulted

from the original steel manufacturing process.

3.2.3 Scanning Electron Microscopy

Fig. 3.31 shows the fractograph of as quenched 4340

precracked steel austenitized at l200°C. At low magnification the fracture

surface is found to be uneven. However, at high magnification the frac-

ture initiation is found to be microvoid coalescence. This is also con-

sistent with observation before (1,117).
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Table 3.11 Measured Interplanar Spacings (A) for 4340 Solutioned
at 1200. C and Tempered at Various Temperatures.

As Quenched 1758C/l hr 2258 C/I hr. Pos sible lDdices

2..237 (diffuse) 2.229 (diffuse) 2.236 (diffuse)

2.043 (broad) 2.044 (sharp) 2.034 (sharp) (110)(1

1. 891 (diffuse) 1. 856 (diffuse) 1.873 (diffuse)

- 1. 7.09 (030) Fe3C

1.451 (broad) 1.434 (sharp) 1.433 (sharp) (ZOO).(1



(a) sox

(c) lOOOX

Fi -ur~ 3. 31.
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(b) lOOOX

SEM micrograph of as quenched sample austenitized at

l200°C, (a) At low magnification intergranular nature,
(b) fatigue crack zone near the notch, (c) fatigue zone

changing to microvoid, coalescence, which is the frac-
ture initiation mode.
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Fig. 3.32 shows the fractograph of as quenched pre-

cracked 4340 steel austenitized at 870°C. Here the fracture initiation

mode, in contrast, has been found to be quasi-cleavage/intergranular

cleavage type. The high toughness associated with higher austenitizing

treatment in the pre-cracked condition is thus consistent with the observed

change in fracture mode.

Fig. 3.33 shows the fractograph of as quenched pre-

cracked 4340 austenitized at l200°C followed by tempering at 175°C. The

fracture morphology exhibited a fine dimpled structure, typical of ductile

rupture. However, for this treatment, the intergranular nature of the

fracture surface was absent. On the other hand, the fractograph shown

in Fig. 3.34 obtained from the samples austenitized at l200°C and tem-

pered at 225°C, exhibited an integranular brittle fracture. Similarly

as show~ in Fig. 3.35 the SEM fractograph of sample austenitized at l200°C

and tempered at 280°C also showed an intergranular brittle fracture.

Fig. 3.36 to 3.49 shows the fracture morphology for differ-

ent notch root radii. The effect of notch root radius on the toughness

has been studied (a) at liquid nitrogen temperature and high strain

rate, (b) at room temperature and slow strain rate, (c) at room tempera-

ture and high strain rate and (d) also as a function of microstructures.

Apart from the fracture initiation mode, the extent of shear lip is also

sho~~ in some of the pictures. The mode of fracture for both initiation

and propagation is described under each heading. It may be pointed out in

this context that the major portion of the fracture surface is quasi-

cleavage. However, th~ fracture initiation mode, which has a direct
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Figure 3.32.
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(a) 900X

(b) lOOOX

SEM micrographs of as quenched sample austenitized at

ll43°K. (a) notch, fatigue zone and intergranular/quasi-

cleavage mode, (b) fatigue zone changing to intergranular/

quasi-cleavage mode, which is the fracture initiation
mode.
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Figure 3.33.
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(a) sox

(b) lOOOX

SEM micrographs of samples austenitized at l200°C (1473°K)
and tempered at l7SoC (448°K). (a) At low magnification
absence of intergranular nature of fracture surface,
(b) At high magnification fatigue zone, changing to micro-
void coalescence, which is the fracture initiation mode.



Figure 3.34.
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(a)

(b) 200X

SEM micrographs ofsamples austenitized at 1200°C (l473°K)
and tempered at 225° C (4980 K). (a) Intergranular
fracture mode, (b) at high magnification tearing marks
on the intergranular facets.



Figure 3.35.

98

(a)
100X

(b) 200X

SEM micrographsof samples austenitized at 1200 °C (1473° K)
and tempered at 280°C (553°K). (a) Intergranu1ar
fracture mode, (b) At high magnification tearing marks
on the intergranu1ar facets.
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correspondence ~ith the fractur~ toughness value, is different for differ-

ent samples. Surn~ariz1ng all the results, schematic SE~ observations

can be J70ade under t1';C'cc;ses.

Case 1 - Tou~~ness Increases with ~otch Root Radius: - For this

case schematic fractvgraphic representation looks like the follo1ving:

Micro-void

coalescence"'

Notch

(OU05i- cleavage
£{\$futJ::\h'1 .f..
-:-:.=':.:.:~-:.:.:-:.:.:.~

~
.:.:.:-:- :-::;

:~:~::~:~:::~::::: :::::::~:

:::::"::::::::'::::~:::::::.::::::::~~:::.
..:t...K...:>Io:..~....

: ~: ~: ~ ¥: ~: ~::~: ~::::::: ~: ~~: ~: ~::?~:'

:.:'X..(.~..........

4{~~:~~~~~*~~i:~:~~t.

.. Crock propagation direction

In this case, the fracture initiation is always by microvoid

coalescence, which later changes to quasi-cleavage as the crack propa-

.~
~~
~.

gates. The microvoid region is about 40 microns for the instrumented

Charpy test conducted at liquid nitrogen temperature and is apparently

independent of prior austenitic grain size.
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Case 2 - Toughness Decreases as the ~otch Root Radius is Increased

BeV0nd a Critical Value. - The schematic fractographic observation in

this case looks like below:

Notch

(QUaSi - cleavage
'- {~:N":f~~~:~:::::::~\~f:~:~~j:~I$"'" .:~ ~ ~.....'c .~:::..':::::~:.:...:-:.t.:-:..:.:.:..:.:.. "

f " .~...,. .-;T...
. :;;;:::::~:::.::::::::-::'::::~:s::~.

:::'I:.:.:~::.:.~:.~.:.:..r...::~.
:::!:::\:::::::~:::'~:::::~:::::'

. ~ . ~'r""'!\:'" "'r:' . .'.""",. .

fM!J!!ai!!~i!!!!ef.P

. Crack propagation direction

IntergranUlar~

In this case, when the toughness drops, the mode of fracture

initiation changes to intergranular mode, which later changes to quasi-

cleavage as the crack propagates. However, this intergranular region is

strongly heat-treatment dependent, i.e. about 150 microns for 870°C case

(in other words 5-6 grains) compared to about 300 micron for l200°C (or

about 1 grain).

In essence, the fractographic observation is consistent with the

toughness data.
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(a) 200X

(b) 750X

Figu:re 3.36. SEM micrograph ofas quenched sample austenitized
at 870°C. It is tested at liquid nitrogen temperature
(instrumented Charpy) and it has a fatigue pre-crack.
(a) At low magnification, the notch fatigue-zone and
the intergranular zone is visible, (b) at high magnification,
fatigue zone changing to intergranular /quasi-cleavage
zone, which is the fracture initiation zone.
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(c) ZOOX

(d) 800X

Figure 3.36. (continuation)

(c) At low magnification, the intergranular zone changing
to quasi-cleavage, (d) At high magnification, intergranular
zone changing to quasi-cleavage.

r
t
I,'~



(e) sox

(f) ISOOX

Figure 3.36 (continuation).

(e ) At low magnifi cation, it shows the extent of shea r
lip, (f) At high magnification, it shows the microvoid
coalescence (shear lip) /quasi-cleavage interface.

103
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Figur.e 3.37.

104

(a) 200X

(b) ZOOOX

SEM micrographs ofas-quenched sample austenitized
at . 8700 C. It is tested at liquid nitrogen temperature
(instrumented Charpy) and it has a notch root- radius
of .004 inch. (a) At low magnification, the initiation
mode is found to be microvoid, which changes into
quasi-cleavage mode, (b) At high magnification the quasi-
cleavage mode is seen.
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(c) 200X

(d) 2000X

Figure 3.37 (continuation).

(c) At low magnification the relative magnitudes of shear
lip zone and fracture initiation zone are compared. (d) At highe r
magnification, microvoid coalescence in the shear lip zone
is evident.



(a)
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200X

(b) 2000X

Figur-e 3.38. SEM micrographs ofas-quenched sample austenitized
at 87U"C . It is tested at liquid nitrogen temperature
(instrumented Charpy) and has a notch root radius of
.006 inch. (a) At low magnification the relative magnitudes
of shear lip zone and the fracture initiation zone are
compared. (b) At high magnification it shows how rnicro-
void zone (fracture initiation) changes to quasi-cleavage
zone (fracture propagation).
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Figure 3.39.
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(a) 200X

(b) 1000X

SEM micrographs ofas-quenched sample austenitized
at 870" C . It is tested at liquid nitrogen temperature
(instrumented Charpy test) and it has a root radius of
.0211. (a) At low magnification the fracture initiation
mode is found to be intergranular. (b) At high magnifica-
tion the intergranular mode later changes into quasi-
cleavage mode.
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(e) 200X

Figure 3.39 (continuation)

(c) It shows that very near the surface, where plane stress con-
dition exists, the fracture initiation mode is still micro-
void coalescence. The shear lip zone is also visible.
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(a) 200X

(b) 1000X

"Figure 3.40. SEM micrographs of a8- quenched sample austenitized
at 870°C. It is tested at liquid nitrogen temperature
(instrumented Charpy) and it has a notch root radius of
.03". (a) At low magnification the fracture initiation
mode is found to be intergranular. (b) At high magnifica-
tion the interface between the intergranular mode and the
quasi-cleavage mode is shown.
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(a) 200X

(b) lOOOX

Figure 3.41. Same as Figure 3.40~ except it has a notch root radius
of .04 inch. (a) At low magnification the fracture
initiation mode again is found to be intergranular, which
later changes into quasi-cleavage. (b) The interface
between the intergranular and the quasi-cleavage is
shown at high magnification. Thus the drop in toughness
with increase in notch root radius is associated with .

intergranular fracture mode initiation.
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(a) 100X

(b) 300X

Figure 3.42. SEM micrographs ofas-quenched sample austenitized
at 1200° C. It is tested at liquid nitrogen tempe rature
(instrumented Charpy) and it has a notch root radius
of .02". (a) At low magnification, the intergranular
fracture mode is evident, which later changes to quasi-
cleavage, (b) The same view at high magnification.
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. (a) lOOX

. (b) l50X

Figure 3.43 Same as Figure 3-42 except that it has a notch root
radius of .03 inches. (a) At low magnification the

intergranular fracture mode is seen, which later changes
to quasi-cleavage. (b) The same view at a little higher

magnification. Thus the drop in toughness which occurs
at the same notch root radius is independent of grain-size.
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Figure 3.44.

113

(a) 500X

(b) 1000X

SEM micrographs of as-quenched samples austenitized
at . 870°C. It is tested at room te1'11perature (slow-bend
test) and it has a notch root radius of .03 inch. Both
(a) and (b) show intergranular fracture mode.
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(a) lOOX

SEM micrographs of samples of as-quenched at l200°C It

is tested at room temperature (slow-bend test) and it

has a notch-root radius of .04 inches. (a) Intergranular

initiation mode at the edge, (b) intergranular initiation
mode at the center.
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(c) 300X

Figure 3.45 (continuation); (c) At still higher magnification the
. the intergranular fracture mode is shown. Thus, again,

the grain-size does not affect the notch root radius, when
the drop in toughness is observed.
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(a) 100X

(b) 200X

SEM micrographs of as-quenched samples austenitized at

l143°K. It is tested at room temperature (instrumented

Charpy test). (a) With notch root radius of .004 inch,

the fracture initiation mode is microvoid coalescence,
(b) with notch root radius of .04 inch: the fracture

initiation mode is again microvoid coalescence; however,

the zone extends a little further than in the previous
case.
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l

(b) sox

Figur~ 3.47: Same as Figure 3.46 except different notch root radii.
(a) With notch root radius of .07 inch, the fracture
initiation mode is found to be microvoid coalescence,

which later changes into quasi-cleavage mode. (b) With
notch root radius of 0.1 inch the same fracture initiation

mode (i.e. microvoid coalescence).

f

I

I

I
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(a)f .. 20X
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Figure 3.48.

118

(a) '.' 20X

(b) 200X

SEM micrographs of as-quenched samples austenitized

at l200°C. It is tested at room temperature (instru-
mented Charpy) and has a notch root radius of .07 inch.

(a) At low magnification the intergranular fracture mode

initiation at the centre is observed; however, at the sides

the initiation mode is microvoid (the left top corner).

(b) At high magnification, the intergranular region is .

visible, which later changes into quasi-cleavage.
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Figure 3.49.

119

(a) 20X

(b) 200X

Same as Figure 3.48 except it has a notch root radius
of .10 inch. (a) At low magnification the fracture surface
is found to be rough. (b) At high magnification the frac-
ture mode is found to be microvoid coalescence, which later
changes into quasi-cleavage mode.
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4. DISCUSSION

4.1 The Effect of Notch Root Radius on the Toughness: - Earlyinvestiga-

tions have reported (62,63) that the elastic strain energy release rate

is relatively insensitive to tip-root radius in the range from a mathe-

matiea1 'sharp' crack to macroscopic root radii. This is also expected

from Irwin's formula (64) . K = lim 21 (J (TIP)1/2, \Vhere 0 = maximumJ11 m
p--.0

stress at the notch, p = notch root radius. In this relationshipK will

become insensitive to root radius, whenever, (J is inversely proportionalm

to pl/2. However, present data and other ~xperimenta1 fracture data show

that this is not always the case. Fracture toughness values can be

significantly lower for a fatigue pre-cracked specimen than for a small

but finite root radius specimen. (65) Malkin et a1 (68) found that the

apparent toughness increases with the square-root of the root radius for

mild steel. Similar increases in toughness with increase in root radius

have been observedby other investigators, namely Rack (66) in unaged

S-titanium alloy, Myers,et a1.(67) in monocrystal1ine silicon, Ritchi

et al. (2) in 4340 quenchedand temperedsteel. The theoreticalre1ation-

ships of fracture toughness with notch root radius also predict an in-

crease in fracture toughness value with increase in root radius.

The longitudinal stress distribution ahead of a blunt notch of

d . .. b 1
. 1 .

f
.

1d h (37)
ra lUS p 1S glven y s 1P- 1ne 1e t eory

(J
yy

(J [1 + In (1 + RIp)]
y

(Egn.4 .1)

The relative stress distributionahead of blunt notches of differ-

ent root radii are shown in Fig. 4.1. It is observed that stresses

ahead of the notch are higher as the notch root radius decreases.
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3.00

p = notch root radius

p = .004
P = .006

--- P = .0 I

--- P = .02

--- P = .03
--- P= .04

P = .07
P = 0.1

2.00

1.00

o .001 .002 .003 .004 .005 .006 .007 .008 .009

DISTANCE FROM THE NOTCH ROOT (inch)

.01

..

Stress distribution ahead of blunt notches of various root radii

by slip-linefield theory.
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Greager and Paris (73) have calculated the near-field notch tip

stresses for very slender elliptical crack having a 'small' root radius

for a mode 1 loading, the stresses are

CJ
X

E-
2r

~+
2

Kr e
[1 S . e S. 38

--- cos - - ~n - ~n-
2nr 2 2 2

cos

4.2

For 8 = 0°, the relative stress distribution for identical stress-

intensity factor is plotted in Figs. 4.2 and 4.3 as a function of the

distance from the notch-tip for root radii ranging from .004" to 0.1".

It is seen that the CJ stresses ahead of the notch tip are quite similar
y

beyond a distance of .005" for different notch root radii. However, before

that distance, the stress increases as the notch root radius decreases.

The CJ stress distribution ahead of the notch root similarly increases,x

as the notch root radius decreases.

From the foregoing discussion, it is apparent that the toughness

should increase as the notch radius increases, if a critical stress

criterion applies for a crack initiation. From a critical strain model also,

it has been postulated by many investigators(68,3) that toughness follows

a linear relation with the square root of notch-root radius.

Kr p 38
K

[1 . e S' 38
r e

CJ = - cos - +
cos 2 + Sln"2 In"2y 2nr 2r 2 2nr

Kr
p S' 38 + Kr . 8 8 38T - -

2nr
- In-

2nr Sln - cos - cos -
xy 2r 2 222
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p = notch root radius
(
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Variation of cr with distance from the notch- root (0= O' ) for

different notch~root radii for a mode 1 stress intensity factor Kro
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The results in this investigation, on the contrary, indicate

that there exists a critical notch root radius, above which the toughness

drops. Be10H that crit ica1 root radius, hm-Jever, the toughness increases

with the increase in notch root radius. The drop in toughness above the

critical notch root radius is associated with an intergranu1ar mode of

fracture. The critical root radius at which such phenomenon occurs is also

independent of the prior grain-size.

The relative sizes of the plastic zone for notches of varying

Toot radii are sho,-.Tnin Figs. 4.4 i, ii and iii with grain-sizes in-

corporated for the two heat-treatments. It is seen that plastic zone

size increases with increase in notch-root radius. In Figs. 4.5 a and b

the relative size of the intergranu1ar region with respect to plastic

zone size is shown. It is seen that the intergranular zone is only a

fraction of the plastic zone size. Hence the plastic zone size does not

seem to playa role at this anomaly of the toughness behavior. Also, as

stated earlier, the root radius at which this phenomenon occurs is

1ndependent of the grain-size and hence grain-size also does not seem

to playa role in this anomalous behavior. Recently Sih et al. (118-120)

have proposed a strain energy density theory for the initiation of a crack.

In this theory the total strain energy density S is defined as

S = dU
dA

2
I-v [a 22E x (4.3)

2v 2 2 2
(---)aa + a + (---1 ),]-v x y Y -v x. ,

=
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(0)

(b)
Fig. 4.4 (i) Plastic zone size for sharp-carck for uK z 0.25. The relative

grain sizes for both (a) low and (b) .!1ighYs austenitizing tempera-
tures are superimposed. Scale 100X
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(b)
Fig. 4.4 (ii) Plastic zone size for a. blunt notch of root radius ,01" for PF!PGy= 0.7.

The relative grain-sizes for both (a) low and (b) high austenitizing tem-
peratures are superimposed. Scale 100X.
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(Hi) Plastic zone size for a blunt notch of root radius. 03" for

PF/PGy::: 0.7. The relative grain-sizes for both (a) low and
(b) high austenitizing temperatures are superimposed. Sc.ale 100X.
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The pla.stic zone size is superimposed. (a) for low grain-size
material, (b) for high grain-size material.
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Fig. Relative fracture mode zones for a blunt notch of root radius .0211.
The plastic zone size is superimposed, (aJ for low grain size
Material, (b) for high grain-size material.
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131

According to this theory, fracture will occur ~vhenS assumes a critical

value S at e = e
c c It also has been demonstrated (121) that for a mode

1 fracture, e = 0°, and is independent of notch-root radius.c

Greager and Paris's equations for a mode 1 stress distribution

for e = 0°, were used for calculating the strain-energy density function

in the present investigation and the strain energy density as a function

of the distance from the notch tip is shmVI1 in Fig. 4.6 for different

notch root radii. It is seen that just ahead of the notch, the strain

energy density for larger root radius is much higher than that for smaller

root radius. In other words, if the critical strain energy density is

applied to the initiation of fracture, the toughness should decrease as

the notch root radius increases.

Thus, we have two competing situations. Both the critical stress

and the critical strain models predict higher toughness with larger root

radii and the critical strain energy density model predicts lower tough-

ness with larger root radii. In this investigation, the critical stress

model operates initially until a critical root radius is reached. Above

this critical root radius the strain-energy density theory seems to be

applicab Ie.

It is a difficult question to answer why the fracture initiation

mode is intergranu1ar. The strain energy density theory is based on

a continuum mechanics approach and does not consider microscopic aspects

of fracture. Therefore, this question can be answered only in a quanita-

tive way. In a recent paper on 'grainboundary fragility'Hondrous and
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McLean (122) tried to explain the grain boundary de2ohesion, which mav

be caused by impurity segregation, particle/matrix interaction, stress

system and stress magnification requirements. In the present investiga-

tion the first two may be ruled out since the variable is purely a

mechanical parameter, i.e. notch root radius; also the effect is seen

for a variety of heat-treatments. Hence, the last factor, i.e. the stress

system, is changed so as to cause the intergranular mode of fracture. The

grain boundary even with segregation and second phase particles is normally

strong enough not to rupture unless the applied stress is locally magnified

a great deal. In plastic polycrystals the largest stress magnifications

occur at the heads of slip bands. According to Hondrous and McLean, in

order for the intergranular fracture to occur two conditions have to be

met

where cr is the maximum tensile component of the stress concentrationc

and a is the cohesive strength of the metal. T = shear component of
m C.

the stress concentration T
m

shear resistance of the material.

In this model, even though the first requirement is easily sat is-

fied, the second requirement is not, when a single slip band model is

considered. Y{hena double slip band is considered, (shown in Fig. 4.7)

T is considerably decreased, making the second condition easier toc

satisfy. Hence it may seem plausible that after a critical root radius

a > a Condition 1
c m

(4.4)

a /T > cr /T Condition 2
c c m m
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is reached double or multiple slip bands operate just ahead of the notch,

reducing T .

C
Thus, both the requirements are satisfied, thereby making

intergranular fracture possible. Dislocation movement, it may be noted,

is strongly temperature and strain-rate dependent and that is why the

critical root radius at which intergranular fracture and drop in toughness

occurs is also temperature and strain-rate dependent.

4.2 Sharp Crack and Blunt Notch Behavior of the Above Two Heat-Treatments.

The results in this investigation, as well as others have demonstrated that

the sharp crack and blunt-notch toughness behavior for the two heat treat-

ments is quite different. In fact, the apparent toughness from blunt

notch specimens is better for the lower austenitizing treatment than for

the higher austenitizing treatment in as-quenched condition. This dis-

crepancy in the sharp crack and blunt notch behavior for the high

austenitizing treatment in the as-quenched condition has been related to

higher limiting root radius (po' which has been hypothesized to be equal
*

to the prior austenite grain size) and lower fracture stress (0 f) (2,3)

It must be borne in mind that the limiting root radius is a

fictitious root radius, which has been introduced to satisfy the result

for pre-cracked condition, since the model predicts a zero toughness for

pre-cracked specimen. (See the appendix). If limiting root radius is

made equal to the grain size, the toughness from pre-cracked condition up

to a root radius of the prior austenite grain size should remain constant.

In other words, for the 1200°C austenite treatment in as-quenched condi-

tion which produces a grain size of 25011 (or .010"), toughness should

remain constant from 'sharp' crack to about .010" root radius. The results,
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in this investigation, replotted in Figs. 4.8 and 4.9 do not show this

behavior in a variety of testing conditions. Hence, the explanation

based on limiting root radius for the improvement in toughness does not

seem to be valid.

The stress distribution ahead of a sharp crack and a blunt notch

( s hmro 4.10) has been discussed quite extensively, (123,124). The

salient points are (1) the maximum stress intensification ahead of a

'sharp' crack occurs very close to the crack tip. This distance from

the crack tip is given by 28t= K2/E~s

a = 200 ksi, 28 = .0005 inch (2)Ys t

and for a K = 50 ksiJin and

the maximum stress intensification

ahead of blunt notch occurs at the plastic/elastic interface (slip-line

field theory) or behind the plastic/elastic interface (finite element

method) but in either case well away from the notch, i.e. for a root radius

of .010" the plastic/elastic interface is roughly at .030" distance from

the notch.

From a dislocation model a crack can be conceived of a continuous

group of edge dislocations. (32), Physically, a crack will propagate only

when the dislocations which are created ahead of the crack tip can join

the main group of dislocations (schematically sho\ro in Figs. 4.11 and

4.12). From this, it is clear that in pre-cracked condition, for the

crack to propagate, the dislocation source need not cross any grain

boundary even in low austenitizing treatment (for which the grain diameter

.001"). On the other hand, in the blunt notch testing condition the dis-

location source has to cross a number of grain boundaries to join the
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Fig. 4.8 Effect of notch root radius on the toughnes s of 4340 steel
given differ.ent heat-treatIlfents by instrumented Charpy test
at liquid nitrogen tempe rature.
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,...HARDENING,N=.I
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i Fig. 4.:L0 (a). Distribution of normal stres s as a function of position ahead of an
~F initially sharp crac~ tip. Cross hatching schematically indicates
!1'~e plastic zone shape.i:.
~
i~
~ .~y
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Fig. 4.1 O'(lD) Distribution of normal stres s as a function of position ahead
of an initially blunt crack tip. Cross hatching schematically
indicates plastic zone shape.
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Fig. 4.12 Schematic cracknucleation site forblunt-notch testing condition
(i.e. Charpy testing), (a) for low grain-size material, (b) for high
grain- size material.
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main crack; but, ten times fe\ver gr2.in boundaries for high austenitizing

temperature than for low austenitizing temperature. Grain boundaries

are natural obstacles for the propagation of dislocation and an inverse

of square root of grain-size relationship has been obtained for both

yield stress and fracture stress (125, 126). Hence, based on the same

argument, if the fracture stress to create a source of dislocation for
~

the initiation of crack is taken as a~, the actual fracture stress crfwill

be

*
crf = crf (for pre-cracked condition)

* -1/2 (4.5)
and crf= of + kd (forblunt notch condition)

where k is a constant.

These equations also point out that in the pre-cracked condition

the fracture stress is independent of grain size, whereas in blunt notch

condition it is inversely related to the square root of the grain size.

Also in the blunt notch condition, the fracture stress is always higher

than in the pre-cracked conditions since d is a positive quantity. This

is also consistent with the experiments.

In the light of this discussion, the anomaly of pre-cracked

and blunt notch toughness between high temperature and low temperature

austenitizin~ -reatment of 4340 steel can be resolved. For the high

*
austenitizing treatment crf is higher because carbon distribution leading

to more E-carbide precipitation takes place earlier for the high tempera-

ture austenitization than in the low temperature austenitization

(described in section 4.3 in more details). Hence, in the pre-cracked



143

condition the fract4re stress, cf is hi~her. However, for the same
*

heat-treatment in the blunt notch condition, even though of is higher,

the second term is considerably lower, (i.e. kd-l/2) leading to lower frac-

ture stress of. Thus in Charpy testing which has a blunt notch the lower

austenitizing temperature produces a higher toughness because of smaller

grain size. Also, the highest toughness for a blunt notch will be obtained

*
when both of is high and the grain size is small, i.e. for a 4340 steel

which has been austenitized at 870°C and subsequently tempered at l75°C

leading to fine precipitates of s-carbide. The variation of fracture

toughness with notch root radius for this heat-treatment is sho"~ in Fig.4.l3.

*
and the blunt notch tou~hness will be lowest when both of is low and grain

size is high, i.e. for a l200°C ~870°C step quench treatment. Here the

grain size is the same as that for the direct quench for 1200°C. Fig. 4.13

sho~~s the toughness as a function of root radius for this treatment (the

870°C and l200°C treated results are also sho~~). Thus the above discussion

explains the toughness behavior observed for both sharp crack and blunt

notch testing conditions for a variety of heat-treatments.

4.3 The Effec t uf Microstructure on the Toughness: - The effect of

microstructures on mechanical properties has been studied by material

scientists for many years. This investigation studied the key aspects of

microstructural features of high temperature austenitization of 4340 steel

in both as-quenched and tempered condition and their contribution to tough-

ness. The effects of microstructures on the toughness have been divided

into two groups; (a) the effect of bainitic heat-treatment on the tough-

ness, (b) the effect of martensitic heat-treatment on the toughness.
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4.3.1 The Effect of Bainitic Heat Treatment on the Toughness

The mechanism of bainite formation, even though postu-

1ated as long as 40 years ago, still is a matter of controversy, and has

been summarized in a recent debate. (127). molileit has been accepted

that bainite is a two-phase structure of ferrite and -carbide and tnat

carbide is within the ferrite lath in lower bainite and at the ferrite

lath boundaries in upper bainite, the mechanism of formation of such struc-

tures has not been agreed upon. ~~ile the growth of the ferritic com-

ponent of bainite is usually attributed to a shear mechanism (127), Kinsman

and Aaronson (127) proposed a ledge mechanism involving diffusion. Also,

as for the source of bainitic carbide precipitation, Heheman (127) postu-

lated an invariant metastable eutectoic reaction y~a + E-carbide,which

later changes to cementite, while Kinsman and Aaronson (127) concluded

that precipitation from austenite at the austenite/ferrite boundaries is

the primary source of bainitic carbide precipitation. It seems that both

the mechanisms may be operative at two extremes of lower and upper bainite.

In Lower bainite the carbon may be taken into the ferrite and subsequently

precipitated behind the ferrite-austenite interface, while in upper bainite

the ferrite grows into the austenite matrix pushing carbon ahead of it

until carbide is nucleated in the carbon-enriched regions between the ferrite

grains (128). As for the strengthening mechanism, Pickering (129) has

stressed the importance of bainitic ferrite grain size. (sho\Vllin Fig. 4.14).

The bainitic ferrite grain size depends upon the size of the untransformed

austenite region in which the bainitic ferrite can grow.
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As stated in Sec. 3.1.3, the bainitic treatment from a

l200°C austenitizing treatment does not produce high toughness. Two facts

are important, when the steel is austenitized at l200°C, instead of the

conventional 870°C, i.e. (a) higher Ms temperature, (b) higher prior

austenite grain size. Higher ~s temperature also indicates higher diffu-

sion of carbon at the bainitic holding temperature which is helpful for

the growth of bainitic plates. The size of the bainitic plate depends

on structural inhomogeneity such as the grain boundary or another bainite

plate which will halt its growth. It is then not unreasonable to assume

that both these factors combine to give a large bainitic ferrite size. As

stated earlier, a large bainitic ferrite size is detrimental to strength

and hence the poor toughness by the bainitic treatment from a high austenitiz-

ing temperature can thus be attributed to a large bainitic ferrite size.

The Effect of Martensitic Heat Treatment (as Quenched

and Quenched and Tempered) on the Toughness

In pre-cracked fracture toughness and Charpy sDecimens,

it has been sho~YTIthat higher austenitizing treatment renders better tough-

ness than lower austenitizing treatment in as-quenched condition and also

after tempering up to a temperature of 200°C independent of the test

method. The stress distributions ahead of a sharp crack and blunt notch

are significantly different (this point was discussed in greater details

in Section 4.2) (123,124). However, in the pre-cracked condition, the

stress distribution is the same, independent of heat treatment the speci-

.

mens has undergone. Hence, the toughness difference in the as-quenched
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condition between the 8700e and l2000e austenitizing treatments are due

to essential microstructural differences.

The fracture toughness variation of this and other alloys

given similar heat-treatment has been variously correlated with the

amount of retained austenite, the extent of twinning, segregation of trace

elements and grain size. Transmission electron microscopy results (1)

have documented the presence of more retained austenite and very few twins

in the l2000e austenitizing treatment compared to extensive twinning and

less retained austenite in the 8700e austenitizing treatment. Magnetic

measurement of the amount of retained austenite (3) on the other hand has

indicated that there was no difference in the amount of retained austenite

in the above two treatments. Initial studies have sho~vn that there was

no segregation above a austenitizing temperature of 11000e (130,131); how-

ever, recent studies have detected the segregation of P and N at high

austenitizing temperatures (132), and segregation of P at l300°C (133).

High temperature austenitization always produces a grain-size which is

one order higher than that in the conventional austenitizing treatment

(i.e. 250 ~m against 25 ~m).

With respect to time temperature transformation diagrams

from low and high austenitizing temperatures the two most noticeable

features are (a) higher Ms temperature for higher austenitizing tempera-

ture, (b) shorter time for the bainitic transformation from higher austenitiz-

ing temperature.

The Ms temperature of a steel depends predominantly on

three factors (134,) (a) the equilibrium temperature (To), (b) the strain
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and surface energy of nucleation (FN) and the existence of sites for

heterogeneous nucleation, Le. grain boundaries, (c) the stress which

has to be overcome to shear the austenite into martensite requires addi-

t1ona1 energy (if heterogeneous nucleii are available )F .
. T

The energy needed for the start of martensite formation

.00:-

This corresponds to an undercoo1ing

tiT= T
o

M
s

tis is the transformation entropy and the difference in specific heats
ay -.

is neglected.

Higher Ms temperatures mean lower ~T and hence either

lower value of the combined term (FN + F ) or higher value of tis . High
. T -- ar

austenitizing temperature gives higher grain size or lower grain boundary

areas. Hence, FN will be lower. Similarly F will also be lower for highT

austenitizing treatment, since it produces mostly dislocated martensite

in the as-quenched state in contrast to twinned martensite in the con-

ventiona11y treated specimen (1) ~s . mav also be higher, because trans-
o ar .

formation takes place at a higher temperature.

A higher Ms temperature also results in higher diffusivity

of carbon atoms in martensite during quench. The role of carbon in

austenite and carbon precipitation in subsequent transformation has been

extensively documented (10,135). The stable phases of Fe-C alloys at high
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(>723°C) and low «723°C) temperaturesare y-iron with carbon in solid

,
.

, solution and a-iron and graphite respectively. However, at low tempera-

tures carbon forms a metastable compound cementite (Fe3C) Hhich for all

practical purposes can be taken as the stable phase. '\Then austenite is

transformed into martensite, carbon atoms which are in solid solution in

y-Fe and randomly distributed, first segregate to the lower ener~y dis-

location sites. As the tempering proceeds, the first phase to precipitate

is €-carbide, Hhich forms along <100> with a definite orientation rela-a

tionship. At still higher tempering temperatures cementite begins to

precipitate. Also the transition from €-carbide to cementite does not

occur in situ. Therefore, the important point above is that even though

cementite is the final phase, the process goes from carbon in dislocation

sites to clustering of carbon atoms to precipitation of €-carbide and

finally to precipitation of cementite. From internal friction measure-

ments (136), it has also been shown that carbon segregation to dislocation

sites occurs earlier in the higher austenitizing case than in the lower

austenitizing treatments. The experimental observations in this investiga-

tion have demonstrated (a) a shorter time for the start of bainitic trans-

formation from the higher austenitizing temperature, (b) more carbide

particles in bainitic structure given similar holding time at the bainitic

transformation temperature from a higher austenitizing temperature,

(c) evidence of €-carbide particles in the as-quenched martensitic lath

from the higher austenitizing temperature. These strongly indicate carbon

redistribution (specifically €-carbide precipitation) is an essential feature

for the two heat treatments and hence may contribute to the observed
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variation in toughness behavior. The other two important microstructural

features in as-qtlenched condition for the t\"'Oheat treatments are reDorted

to be Cl...)more retained austenite, (b) less t\",ins(1) for the higher

austenitizinp,treatment. However, it was stated earlier, retained

austenite measurement by an X-ray technique (3) for both the treatments

has produced identical results for the two heat-treatments. As discussed

before, absence of twins may be closely related to higher Ms temperature

and conseauent carbon segre~ation leading to E-carbon precipitation.

E-carbide precipitation in the martensite lath is con-

sistent with the microvoid coalescence fracture morphology of high tem-

perature austenitized as quenched sample, (117,137). Initiation of the

void takes place at the carbide/matrix interface, which grows on subse-

quent loading and finally when the coalescence of the microvoid takes

place, fracture occurs. In contrast, the fracture morphology of conven-

tional temperature austenitized, as-quenched sample, is quasi-cleava~e,

i-. and/or intergranular cleavage, which again is consistent on the basis of

lack of such carbide particles. This difference in fracture morphology

on the basis of E-carbide particles also explains the high fracture

toughness for the high temperature austenitized as-quenched sample.

Finally, as will be seen shortly, that the entire process

" of carbon redistribution is accelerated by high temperature austenitiza-
'.
.

tion, is also reflected by the tempering behavior of such steels. A con-

i
.

i'
sistent drop in toughness by all fracture tests was observed for the high

temperature austenitizing treatment for a tempering temperature of as low

,~
'~i1,
1



152

RS 22SoC, which is conc0mmitant with the precipitation of cementite.

l\Thile.tempered marte[jsit~ embrittlement has been a subject of many in-

vestigations (138,139) in recent years, the present results differs

significantly from all reported literature. Firstly, the decrease in

toughness value by all methods of test~ng is considerably higher. Secondly,

tempered martensite EGbrittlernent (TNE) is normally characterized by

transgranular fracture (138,139) while the present results shmv an entirely

intergranular brittle fracture. Thirdly, destabilization of retained

austenite (138,139) constitutes a maior mechanism of T~ffi,whereas the

present embrittlement is coincident with predominantly cementite pre-

cipitation.

The fracture toughness variation of this and other alloys

given similar heat-treatment has been variously correlated with the amount

of retained austenite (1, 139), the extent of twinning, (1) segregation

of trace elements (132) and grain size (1,2,3). The presence of twins

in this investigation was found to be a function of the prior austenitiz-

ing temperature and not the subsequent tempering temperature. Also, it

has been documented that 4340 steel austenitized at l200°C and directly

quenched produces mostly dislocated lath martensite and not twinned

martensite. Grain size may in some cases affect the toughness, but grain

size both before and after the embrittlement treatment in high temperature

austenitization was the same and cannot be responsible for the observed

behavior. The exact role of retained austenite and the amount present has

been elusive, since the amounts present are small and accurate analysis

difficult. Transmission electron microscopy results have well documented
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the presence of retained austenite after a l200°C austenitizing treat-

ment II). These studies have also sho\ID a noticeable lack of retained

austenite after the conventional 870°C treatment. Magnetic measurements (3)

of the amount of retained austenite on the other hand have indicated

that the stability was apparently the same whether in the as-quenched or

in the tempered condition. Collectively, the past results as well as the

present study indicate that the presence, distribution and stability of

retained austenite in samples austenitized at l200°C does not control the

variation in fracture properties, when tempered at these low tempering

temperatures.

The present results indicate that cementite precipitation

is a necessary condition for the onset of tempered martensite embrittle-

ment. The fact that the addition of silicon (20) increases the embrittle-

ment tempering temperature range (for 300M austenitization at l200°C)

suggests that the mechanism for TME is one of cementite precipitation.

However, cementite precipitation alone cannot be solely responsible for

embrittlement, since embrittlement does not occur in high purity steels (140);

neither does it account for the intergranular nature of the fracture sur-

face, since cementite does not precipitate in grain boundary alone.

Impurity segregation of trace elements such as S, P,N or even substitutional

elements like Cr, Mn, etc. in coniunction with cementite precipitation

near the prior austenite grain boundaries has been proposed by several

workers to explain the change in fracture mode (132, 140, 141). Segregation

of P after precipitation of cementite was also proposed by some (142).

Earlier investigations (130, 131) showed that no segregation occurs beyond
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an austenitizing temperature or 1100°C. However, recent investigations

(132) have indicated segregation of P and N at l160°C and segregation of P

at l300°C (133). The present results tend to support the segregation of

impurities at the austenitizing temperature. Since the embrittlement is

absent in high purity steels, it seems plausible that the impurity effects

are inherited from the austenite and the cementite precipitation triggers

the embrittlement by providing additional slip barrier at the already

impuritY-1veakened boundaries. That also explains why the fracture is

intergranu1ar. In summary, segregation at the prior austenite grain

boundary and the cementite pre~ipitation during tempering lead to the above

embritt1ement.
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5. Surn-LA.RYAND CONCLrSIONS

High temperature austenitization of low alloy high strength steel

l~ke 4340 has been of considerable interest in recent years. The objec-

tive of such modification is to achieve a high toughness while maintain-

ing the same level of yield strength. The present investigation studied

different aspects of high temperature austenitization of 4340 steel carried

out in several phases.

In the first stage the notch root radius effect on the toughness

of 4340 after conventional and high temperature.austenitizing in both as-

quenched and tempered condition has been studied in greater details than

has been attempted before. This involved greater range of notch root

radii, greater number of prior heat-treatments, carrying out tests at high

and low strain rates and also at room and liquid nitrogen temperatures.

In the second phase, tempering behavior of 4340 steel after high tem-

perature austenitization has been studied, since tempering in general,

renders still higher toughness. In the last stage a few exploratory

bainitic heat treatments from high temperature austenitization have been

attempted, as bainitic microstructures are sometimes better or as good

as martensitic microstructures.

1. The variation of toughness with notch root radius for

various heat-treatments showed that the toughness initially increased

with increasing notch root radius. Thereafter, when a critical notch root

radius was reached, toughness decreased with a further increase in the\

notch-root radius. The drop in toughness is also associated with an
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intergranu1ar fracture initiation mode. The critical root radius, at which

such phenomena occurs, is strain-rate and temperature dependent but in-

dependent of prior austenitic grain size. It is also independent of the

plas~ic zone size.

2. The initial increase in toughness with increasing .notch

root radius u? to the critical root radius is consistent with a critical

stress or strain model: the critical strain-energy density fracture

criterion is applicable beyond the critical notch root radius, when the

toughness drops. The intergranular fracture mode may be possible due to

double slip bauds operating ahead of the notch-root.

3. In pre-cracked specimens, i.e. slow-bend Charpy, instru-

mented Charpy and fracture toughness tests the high temperature austenitiza-

tion always produced a higher toughness than did the conventional

austenitization temperature in as-quenched condition as well as up to a

tempering temperature of 200°C. The improvement in toughness in as-

quenched condition from high temperature austenitization is also associated

with a microvoid coalescence fracture initiation mode. It is believed

that s-carbide precipitation from high temperature austenitization in as-

quenched condition is the primary cause for such fracture initiation mode

and consequently higher toughness.

4. In blunt notch testing conditions, i.e. slow bend Charpy

V-notch, instrumented Charpy V-notch on ASTM bend specimens with a blunt

notch root radius equal to Charpy notch root radius, the conventional

austenitization temperature nroducp.d a slightly better toughness in
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as-quenched condition and 'significantly better toughness as thE temDering

temperature was increased. The improvement of blunt notch toughness for

the conventionally treated 4340 steel is attributed to fine austenitic

I": grain size.

5. The tempering behavior of 4340 steel, which has been

austenitized at high temperature (1200°C) and subsequently oil-quenched.

showed that toughness increased fror.!as-quenched condition up to a tem-

pering temperature of about 200°C, however, there was a drop in toughness

for a tempering temperature as low as 225°C. On the other hand, there

was no such drop in toughness in similar tempering temperature range for

a 4340 steel, which had been austenitized at a conventional temperature

(870°C). The 'temper embrittlement' was also associated with an inter-

granular fracture failure mode. It is believed that prior austenitic grain

boundary segregatinn cnup'ed with cemenritp prpciDitatinn during temper-

ing has triggered the above embrittlement.

6. The limited bainitic heat-treatments from high tem-

perature austenitization studied in this investigation resulted in lower

fracture toughness or tensile strength than that obtained from direct

quench. The poor mechanical properties produced by such heat treatments

are attributed to large bainitic ferrite grain size.
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A?PENDIX

The aDpendix is provided for those readers who may be unfamiliar

with certain technical terms used in the main text. However, it may be

worthwhile to review the macroscopic (i.e. toughness testing) and the

microscopic aspects of fracture. Current ~ode1s re?-arding effect of

notch-root radius on the toughness have also been described in details.

Tnis has been considered necessary for the anomalous toughness behavior

with notch-root radius obtained in this investigation. The appendix is

divided into four sections. (1) Microstructure of steel, (2) toughness

testing, (3) the effect of notch-root radius on the toughness, and (4) micro-

scopic aSDects of fracture.

Microstructure of Steel - Steel has a large number of microstruc-A.I.

tura1 constituents namely pearlite (coarse, fine, divorced, etc.), carbide

(£-carbide, Hagg carbide, cementite, etc.), ferrite (a-ferrite, a-ferrite),

martensite, (lath, plate), bainite (upper and lower), to name a few; how-

ever from a strength and toughness viewpoint, two constituents (as far as

this investigation is concerned) are important, i.e. martensite and bainite.

Hence, only these two will be described briefly in the following sections.

A.I.I. Martensite - The name martensite was originally proposed

by Osmon in 1895 in honor of the German metallur~ist, Adolph Martens (22),

to describe the microstructure found in hardened steels. Martensite is

best described by a time-temperature-transformation diagram (TTT diagram)
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and Fig. A.l describes such a diagram for a .8% C steel (28). Xartensite

,.;illbe produced 'vhen the parent austenite is cooled at a rate faster

than the critical cooling rate to avoid the nose of the TTT diagram.

Martensite transformation has ~any characteristics (22-27),

notable among which are (a) that it is a diffusionless transformation,

(b) vlate-like volume transform with the speed of sound as the temperature

is falling below the M (M is the highest temperature for the first
'.. s s

martensitic nucleus to form), (c) that it generally does not form while

the temperature is held constant, (d) martensite is highly strained because

of suver-saturation of carbon and (e) that t~e product has definite

crystallographic habit and lattice orientation relationship with respect

to the parent phase. Based on t~e lattice correspondence of the parent

and the product phases, both Bowles and Mackenzi (27) and Lieberman,

Wechsler and Read (25), postulated that the transformation from austenite

to martensite involves three steps: (a) Bain distortion of the corres-

pondence lattice, (b) inhomogeneous shear deformation by either slip or

twin, (c) a rotation of the lattice, although not in sequential order.

The strength of martensite primarily depends on two factors (26),

(a) high density of dislocations in the lath martensite and also at the

lath boundary, (b) carbon atom redistribution leading to pinning of the

dislocations.

A.1.2 Bainite - Bainite is the product formed, if the steel is

held above M and allowed to transform (see Fig. A.l). The mechanism of
s

bainite formation is still controversial, even 40 years after its discovery.



Fig. A.1. Arbitrary time-temp erature paths on an isothermal transformation
diagram for a 0.8% C steel. (28")
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However, bainite has been found to provide good mechanical prospects in

terms of tensile strength, impact transition temperature and ductility.

The factors that have been a~reed to characterize bainite (15,16,29-31),

are:

1. The volume transformed, X vs time follows nucleation and

growth type kinetics in that X initially rises slowly but at an ever

increasing rate, and then finallv levels off to its final value.

2. The product always consists of plates of ferrite with

carbides precipitated either between plates (higher temperatures) or inside

the plates (lower temperatures). The carbide in upper bainite has been

identified to be cementite while that in lower bainite is E-carbide.

3. There is a change in shape that accompanies the transforma-

tion. If a piece of austenite with an initially smooth surface is partially

transformed, the bainite plates give relief markings when they form.

Toughness Testing - There are essentially five reasons (32) whyA.2.

toughness tests are carried out to evaluate a material's resistance to

fracture:

1. To determine whether there is a strong probability that

catastrophic fracture will occur in a particular material, loaded under

a given set of conditions, (i.e. determination of ductile-brittle transi-

tion temperature).
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2. For use in choosing between potential materials for a

?articular application (i.e. is material A more 'brittle' than material

B'?).

3. For quality control tests by the materials producer.

4. For analvsis of failures that have occurred in service.

5. To obtain data that can be directly used for design pur-

poses (i.e. maximum working stress, minimum operating temperatures,

service lifetime).

There are many toughness tests such as the Charpy V-notch test,

Izod test, tensile test, drop-weight test, etc. But the Charpy V-notch

test is most popular because it is inexpensive, easy to carry out and

consumes a nominal amount of material. Essentially it measures the energy

required to break a notched test bar of given dimensions.

However, with the advent of linear elastic fracture mechanics

(LEEM) some sophisticated tests like fracture tou~hness testin~ (33) have

come into practice and the essence of the test is that the stress-intensity

factor, which is a function of both stress and crack-length, reaches a

critical value known as the fracture toughness, instantaneous crack initia-

tion ~yill take place. As the above two tests were used in this investi-

gation for toughness evaluation, the relevant information on them is pro-

vided next.

A.2.l Fracture of Charpy V-Notch Specimens - The Charpy speci-

men is a rectangular bar of dimensions of 0.394" x 0.394" x 2.165" with

a .079" deep machined V-notch (ref. Fig. A.2). It has been used extensively
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(a) Charpy specimen, (b) schematic elastic-plastic stres s distri bu-

tion for a notched bar in plane strain bending, (c) plastic zone
shape -wedge type (lo~arithmic s,piral), (d) hinge type.
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by metallurgists to study the fracture properties of materials, and

many engineering safety codes including nuclear applications are based

on Charpy specimens.

The specimen is broken under the hammering action of a pendulum

in three-point bend loading and the energy absorbed in breaking the speci-

men is kno,m as the toughness. This is the standard ASTM test as per

E-23, Part 31, 1969.

The results from standard Charpy impact tests cannot be directly

correlated 'vithtests designed from fracture mechanics principles. Hence,

various Charpy tests have been develooed recently, notably among which

are the instrumented Charoy test and the slow-bend Charpy test. The

specimens are loaded in 3-point bending as before. Both pre-cracked and

standard specimens with 0.010" root radius are used, depending on the

nature of the test. Since these specimens have become the common type

used for fracture testing, they have been studied in detail. Deformation

and fracture of Charpy specimens have been quantitatively analyzed by

several people (34-36). However, no ASTM Standards are in existence for

such tests.

A.2.1.1 General Yield Load - During loading of a Charpy type

specimen a small region below the notch starts to yield while the rest

of the material is still deforming elastically. The plastic flow-lines

at this stage are of the form of logarithmic spirals and the local stress

condition can be approximated by the following equation (37):

,-
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where o = Longitudinal stress in the v-direction 0 =
vV. - v

.1;

Yield strength R = Distance from the notch-root

p = ;-';-otch root radius

On further loading, the flm,T pattern develops into plastic hinges

(Fig. A.2) which spread across the specimen ligament at general yield load

PGY. At this load the entire section of the specimen is plastically de-

formed. PGy is dependent on the geometry and is proportional to the

tensile yield strength of the material. Since yield strength is strain.

rate dependent so is PGy. The relation between yield strength and the

general yield load has been ~iven by Green and Hundy (34), for pre-cracked

and also as a function of notch root radius.

criteria (0 = 2k), k = shear yield
ys

strength, the relationship for standard Charpy may be expressed as

Assuming Tresca's (38)

0.242 0
y

A.2

where B is the specimen thickness, W is the specimen width, a is the

crack length (notch dePth).

For a pre-cracked Charpy specimen the flank angle is close to

zero and equation A.2 becomes (34)

PGY
B(w-a)

= 0.252 0
y

A.3
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The root radius of the notch has a very small effect on these

relationships, as shmVTl experimentally (ref. Fig. A.3) ",hich shows that

the general yield load is independent of the root radius of Charpy speci-

mens. This result has been also observed by Hilsha~,1, etal (39).

. A.2.1.2 ~mic Fracture TouQ.hnessfrom Instrumented Charpy Test:

As stated earlier, the results from standard Charpy impact tests cannot

be directly used in fracture mechanics equations. Hmvever, by instru-

menting the tup of the Charpy ham.rnerwith strain gages, load-time informa-

tion can be obtained. which makes it possible to determine the dynamic

fracture toughness, KId (40-45). An idealized load-time record is sho~vn

in Fig. A.4. Fracture toughness calculations according to linear elastic

fracture mechanics principles (46) are made by the follo",ing relations:

1/2a A.4

where

W = width. L = length. B = thickness. a = notch deoth

y
2 3 4

1.93-3.07(a/w) + l4.53(a/w) -25.ll(a/w) + (25.8) (a/w) ,

and PM is the applied load at fracture pop-in when fracture occurs before

general yielding. Equation A.4 reduces to the following when the appropriate

Charpy dimensions and loading are considered:

1/2a A.5
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Variation ofgeneral yield load with the notch root radius for a
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h K . d .. f .. 1/2
were ID 1S measure 1n un1ts 0 pS1-1n PM in units of lbs and a in

units of inches.

The instrumented Charpy test can also predict fracture toughness

after general yield load, although there is considerably controversy re-

garding the calculations of a meaningful fract~re toughness value based

on data derived from a specimen which fractures after general yielding in

any type of testing. The various methods (42) that can be used for frac-

ture toughness calculations are ~) maximum load method, (b) equivalent

energy approach, (c) eauivalent strain ener~y release rate, (d) crack

opening displacement, (cl J-integral method.

A.2.2 Linear Elastic Fracture Toughness Test: The fracture

toughness testing is the outcome of fracture mechanics approach, first

initiated by Griffith (47). In order to avoid the discrepancy between the

theoretical cohesive strength and the actual fracture strength (which is

always less), Griffith assumed the existence of inherent defects in the

material and the crack will grow when the decrease of elastic energy just

balances the increase of surface energy. His results are sho"m as

a = 2Eys
[ a-

1/20'
1:

for plane stress

A.6

a
2E y 1/2

[ 2s ] for plane strain
(I-v )1ra

E Young's modulus,
y
s = surface energy v = Poisson's ratio

a crack length a = fracture stress
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The Griffith equation as it stands is not directly applicable to

the fracture of structural metals. For brittle fracture, in ~vhich the

extent of yielding at the point of instability is substantially smaller

than the width of the specimens, the fracture stress is proportional to

(a)-1/2. However, the constant of proportionality is much greater than

that predicted by the Griffith formula. The first explanation of this

higher proportionality factor was provided by Orowan (48) and Irwin (49)

who suggested that the surface tension term in Equation A.6 should be

modified to include the amount of plastic work done as the crack grows.

Thus (J
E(2y+y' 1/2s $I

] for plane stress A.7
TIa

where y. is a plastic work term. Since y is much greater than y , the
p p s

latter can be neglected, and hence

(J= Eyp
TIa

1/2
] A.8

Toughness, as envisaged by Griffith is the rate of release of elastic

energy with respect to crack len~ths, and is symbolized by G. The elastic

energy of a specimen containin~ a crack of length a and subject to a tensile

stress (J~ in plane strain is given as

H = 1
2

A.9

Hence
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Another definition for toufhness has been envisaged by Ir~in

~nd co-~orkers (50-51) as the stress-intensity factor, which is defined as
1/2

~ = ~ (~a) for a mode 1 load containing a crack leneth 2a in an infinitely

vide specimen. The K parameter sometimes produces confusion because it's

di~ensions or stress (length~~~e not cornmonly encountered in other physical

formulae. It should be emphasizedthat it is a factor "Thich characterizes

the intensity of the stress field ahead of a crack. For a mode 1 loading

(as depicted belo1~) the stresses for a stress intensity factor KT are

y

x

0 = KI e
x

(21Tr)1/2
cos - [1 - sin . 39

2 2
S1n -

2

K
0 = I e
y (21Tr)1/2 cos

2 [1 + sin t sin 9

K
T = I e e

A.1O

xy (21Tr)1/2 sin
? cos - cos 19_ 2 2

a - 'J (0 + a ).,. -z - x v 'xz - T
= 0

.' yz
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1/2

By substituting K = a (TIa)inA.9 we can obtain G1 in terms of stress

intensity.

f:(; I
2

(1-1))

The criterion for unstable crack growth in plane strain in terms of G

from A.6 is

y fory «y
p s p

and in terms of the stress intensity is

(

EG

1

1/2

= IC
2

1-1)
A.ll

Thus both elastic energy release rate approach and the stress

intensity approach are equivalent.

The previous expression, as developed by Irwin (50), provide the

basis for the entire field of fracture toughness testing as long as the

gross fracture stress is less than the yield strength of the material. At

fracture, the stress intensity factor reaches a critical K1c' the corres-

ponding plastic zone size has reached a critical value of Rc and the critical

plastic zone size at fracture is given by (51)

R
c

1
2rr

A.12=
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Equation A.12 indicates that the tougher the material, the

larger is the critical plastic zone size ahead of crack.

In order for a fracture toughness (KIc) test to be valid, the

plastic zone size has to be restricted to a small value and a plane strain

condition must prevail; this means that the thickness of the specimen

must be large enough so that the plane strain conditions are achieved.

Arbitrarily, the valid thickness (=B) has been chosen, so that

Kr 2
B ~ 2.5 --.£ .

CJ

ys

For materials in which failure occurs with an extensive plastic

zone, the plastic deformation at the crack tip would be lar~e enough to

invalidate the linear elastic fracture mechanics analysis. Under such

conditions, the crack opening displacement, (COD), has been used in study-

ing the fracture (Fig. A.5). During loading the crack faces move away

from one another and produce a displacement at the crack tip normal to

the crack plane v.Thichis called the "crack tip opening displacement" (COD).

A schematic picture of crack opening displacement is given in Fig. A.5.

The fracture criterion can be written such that the crack advances when

..
,

the crack tip opening displacement reaches a critical value (COD) . There
- c

are several analytic treatments relating COD to the stress intensity

factor (52-58). For plane strain it can be given by

=
ACJ E (COD)
Y

2
(l-u )

A.13

when a is the vield strength, E is the Youna's modulus, u is Poisson'sy .. h

ratio and A= constant ~ 1.

..'"'
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Fig.A.S Diagram showing crack-tip displacement of a knife-edge
displacement Vg.
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Deformation in the plastic zone causes a transverse contraction

at the crack notch tip which is called the notch root contraction (NRC) (59).

Empirical relation relating NRC to COD can be determined, which allow

NRC to be used as a measure of toughness. For cases where fracture occurs

after general yield, NRC is a useful parameter to predict fracture tough-

ness. However, all these toughness measurements are apparent toughness

in the absence of a valid K1c test.

A .2.3 Comparison of Fracture Toughness Test and Charpy V-Notch Test

As stated earlier, in Charpy testing a specimen of specified dimensions is

broken under the impact action of a swinging pendulum and the energy re-

quired to break the specimen is known as the toughness. In fracture

toughness testing the strain-energy release-rate as the crack advances is

calculated. Hence the parameters of the two tests are entirely different.

In Charpy testing, the energy absorbed per unit area is an inte-

grated value across the entire fracture surface. It does not distinguish

between separate events (60) in the fracture process, namely fracture

initiation, propagation, the transition from plane strain to plane stress

and the resistance the material offers as the crack extends~ on the other

hand, the plane strain fracture toughness refers to fracture initiation

in the plane strain condition.

In spite of the evaluation parameter being different, there have

been attempts to correlate fracture toughness data with Charpy V-notch

energy data and many empirical relations have been proposed. For a 4340

steel heat treated to high strength level, which fails by a low energy
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energy tear mode (61) (see Fig. A.6), such relations will be of little

significance. Another factor for not adhering to such relationship in this

investigation is that such statistical relationships are valid only for

the steels in question. Also for 4340 steel significant microstructural

changes may not be detected by Charpy test because of the low-energy tear

mode tyve of fracture and to start with the energy absorbed value is very

Jow {14-l5 ft-lbs). Hence, in order to compare between Charpy and frac-

ture toughness test it is necessary to measure the resistance to fracture

initiation in the Charpy s~ecimen as is done in the fracture toughness

specimen either in slow-bend or instrumented Charpy test; the toughness

thus obtained in Charpy specimen is kno\VTIas apparent toughness, since

the specimen dimensions do not conform to ASTM standards for a valid frac-

ture toughness tests. However, for an ultra-high strength steel like

4340~ the plastic zone size is quite small and hence even Charvy type

specimens of small thickness closely resemble fracture toughness specimens.

In addition, there are three other important differences in these

two test methods, namely (a) strain rate; the strain rate in Charpy test-

ing is 5-6 orders higher than in KIc testing. However, in slow-bend

Charpy testing, the strain rate can be approximated to KIc testing, ~)

method of loading, i.e. the Charpy loading is three-point bend loading
f

" and fracture toughness testing is done both by compact tension and three-

point bend specimens. When bend specimens are used in fracture toughness

testing, there is no difference. However, when compact tension specimens

are used, there is a difference in the method of loading between the two

)
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tests, (c) notch-root radius, i.e. the fracture toughness specimens con-

tain a fatigue pre-crack, whereas the standard Charpy specimens contains

a V-notch, having a root radius of 0.01 inch. This difference can be

eliminated by pre-cracking the Charpy specimen before testing or having

a fracture toughness specimen of root radius .01" 1.;rithoutresorting to

fatigue pre-cracking. However, hv resorting to the second method, the

test is not a valid ASTM fracture toughness test as ASTM-E-399.

A.3 The Effect of Notch-Root Radius on the Toughness - It has been

reported (62,63) that the elastic strain energy release rate is relatively

insensitive to tip root-radius in the range from a mathematical 'sharp'

crack to some finite root radii. This is also expected from I~in's

analysis (64) K = Lim t
p.o

p = notch root radius.

o (TIP)1/2, where 0 = maximum stress at the notch,m m

In this relationship K will become insensitive to

d. h .. 1 .
1

1/2
root ra lUS w enever 0 lS lnverse y proportlona to p .m .

However, experi-

mental fracture data have sho~ID that this is not always the case. Fracture

toughness values can be significantly lower for a fatigue-cracked speci-

men than for a small but finite root radius specimen (65). Similar in-

creases in toughness with increase of root radius have been observed by

Rack (66) in unaged S-titanium alloys, Myers (67), et a1. in monocrystal-

line silicon, and Ritchi (2), in quenched and tempered 4340 steel. Differ-

ent theoretical models have been proposed by several authors, which pre-

dict a linear relationship of fracture toughness with notch root radius.

Current models are described below.
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A .3.1 Critical Stress_Model- This model (68) postulates that

when the longitudinal stress ahead of a notched bar, sub;ected to bending,
~

equals a stress o~, the 'microscopic cleavage stress', fracture will occur.

This model employs the stresses in the plastic zone from slip-line field

theory and the extent of plastic zone is estimated from fracture mechanics

principles.

The longitudinal stresses along the net section within the ~lastic

< r) is given bv slip line field theory (37)0 =0 [l+ln(l~)]
- yy y p

where P= root radius of the notch. The maximum longitudinalstress (0 )
yy max

zone (R

(0 )
yy max

r
o [1 + In (1 + -)
Y P

A.14

so that (0) increases with increasing plastic zone size. The stress
yy max

distribution as a function of the distance from the notch root is given in

Fig. A.7 for different notch root radii. The size of plastic zone is given

by

1
2

r = 1
A.151T 1T

~)'
'.

where a is replaced by 1.68 a ' the average contained value of 0 in the
Y' Y' Y

plastic zone for plane strain. Combining equns. 1.14 and 1.15

= 2.89 0 [exp
y

*
o

(J...- 1) -1]a
y

1/2
p A.16

Since for sharp crack ~o, K1c (p)~o. Hence for a sharp crack, the

equation is modified to include
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= = 2.89 a
y

[exp
Of*

(--a
v

_ 1) -1] P 1/2o
A.17

P"O

where po limitin~ root radius, i.e. from sharp crack to limiting root

radius the fracture toughness should remain constant. The model also

predicts an increase of fracture toughness with square root of notch-

root radius.

A .3.2 Critical Strain Model - In contrast to the previous stress-

controlled model, this model $8) predicts that fracture will occur when

the strain ahead of the crack-tip reaches a critical value. Critical strain - .

leads to initiation of void at the particle/matrix interface, which sub-

sequently coalescences, leading to what is known as 'microvoid coalescence'. ..
0,'

Particle may be an inclusion or a second phase particle. The distribution

ahead of crack tip is given by

... .

= F (e)
R

A.18

where F is a function of root radius and e is the bend angle of the speci-
L.

,
~
< men, R is the distance ahead of the notch. Furthermore, it has been

shown by Wells (70) that the notch-tip opening displacement 2V(C) is given

by 2 V(C) = axe, where a is the notch depth. The region at the notch tip

can be treated as a 'miniature tensile specimen' of ga~e length 2p. It

follows that

2V(C) = 2p s(c), where s(c) is the strain at the crack tip.

or dc)
a8
p
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Thus, there is a finite strain at the notch root. In order to

compare the above tHO equations, TetelMan and hTilshaH assumed that the

*
strain is constant over a distance R from the notch root. Hence

E:(R)

....

V(c) R"
p R

A-20

Using the Dugdale-Barenblatt model (33), the following relation is

obtained:

V(C)
4
7T . r, where a = 1. 68 0

y y
A-21

for plane strain, & r = plastic zone size.

Combining. equations A-20 and A-21
..

E:(R)
,r

p

*
'''"'

or E:(R)
4 R
7T R

Rupture should occur when € at re reaches critical value €f(re).

This is reachedHhen R = 2.25p according to Wilshaw (71). Substituting

results in

R1t

E 0
y

1/2 _
J p A-22

Thus in this model also the fracture toughness increases with the

square root of notch root radius. And, as before, a limiting root

radius p is postulated for a sharp crack.o

~.

J

l
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A .3.3 Other Works on Relationship of Toughness with Notch Root

Radius - The effect of notch root radius on toughness has been discussed

and a theoretical model based on a plastic relaxation representation of

The derivative of K with respect to 0 in this equation is posi-
A

tive, meaning thereby the toughness increases with increase in notch

root radius.

Greager and Paris (73) have calculated the near-field notch tip

stresses for very slender elliptical crack having a "small" root radius

o/a ~ (b/a)2 «1 and for a mode 1, the stresses are as follows:

.~. .

For 8= 0 the variations of (J and (J with distance from the notch
x y

root are given in Fig. A-8 and Fig. A-9., respectively. From this it is

also apparent that fracture toughness should increase with increase in

notch root radius.

a crack has been proposedby Heald, Spink and Worthington (72). Their

results are sho"m as
\

( TIK \ I

( )1/2

- 8 I I 112 i

iTa (J

i 2 -1

u (J a 0
KA(P)

[1+(0/ <01/2]
;- cos [exp\ u I] + (;)

A.23

(J
Kr 8 . 8 . 36 P 38=

(2iTr)1/2

[cos - (l-sln - Sln --) - -- cos --]x 2 2 2 2r 2

Kr e . 8 . 38 P 38
(J =

[cos 2 (1 + Sln 2 Sln Z-) + 2r cos Z-]y (2iTr)1/2

l = Kr
[. e 8 38 P . 38 1Sln - cos - cos -- - -- Sln A-24

xy
(2'1Tr)1/2

2 2 Z Zr Z
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An expression for the fracture toughness ahead of a blunt notch

for strain ccntrolled fracture (3) has been given as

(12
1/2p A.25

where 0
y yield strength E = Young's modulus E:f = critical stra'in at

fracture, p= notch root radius. For a sharp crack, p is replaced again

bv p
- 0

tion of toughness with notch-root radius.

limiting root radius. This relation also predicts a linear rela-

Thus all the curre~t theories Dredict an increase in toughness with
.,

,.,~.

increase in notch root radius.

"

A .4. Microscopic Aspects of Fracture - Fracture on a macroscopic scale

is normally divided into two categories, (a) brittle fracture which

occurs without any plastic deformation, (b) ductile fracture with a large

amount of plastic deformation.
.

A .4.1 Brittle Fracture - Brittle fracture in metals occurs either
",I:

by transgranular or intergranular cleavabe. Transgranular cleavage is

separation along one or more crystallographic planes and intergranular

cleava~e occurs alon~ weaker grain boundaries. There is extensive,

experimental evidence that plastic deformation proceeds cleavage fracture.

Sensitive techniques such as strain gages (74) and etch pitting (75) have

been used to detect plastic flow and they confirm that microplastic de-

formation occurs prior to cleava~e in iron and steel. The cleava~e process

is postulated to involve three steps which will be discussed next.
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A .4.1.1 Yiling up of Dislocations - In the first stage the dis-

locations are blocked by an obstacle. Grain boundaries, twin bands,

second-phase particles, and sessile dislocations formed by dislocation

reactions can all block the dislocation movement. \fhen the pile-up is

formed, the stresses at its tip become progressively more intense. Thus

it can produce the required stress for crack nucleation.

A .4.1.2 Crack Nucleation - There are several mechanisms of crack

nucleation by dislocation pile-up. The simplest model involves a series

of edge dislocations stopped at a grain boundary or by another s~rong

obstacle. Zener (76) suggested that as the number of dislocations in a

pile up, n, increases they coalesce together at the tip of the pileup to

nucleate a microcrack as shown in Fig. A.lO. Cottrell (77) has proposed

another mechanism of crack nucleation by dislocation for b.c.c. metals. In

this model the two leading dislocations on two intersecting slip planes

will react to form a sessile dislocation which then serves as an obstacle

to the following dislocations. The dislocation reaction can be written

as

A-26

where a is the lattice parameter. Microscopic studies (78 , 79) haveo '

.c

revealed evidences of such sessile dislocations. On the other hand,

SttOh (80) has analyzed the piling up of dislocations while other disloca-

tions are acting as an obstacle. He has indicated that such a dislocation

barrier is not sufficiently strong to nucleate a crack and the sessile

dislocation would dissociate under the force of piled up dislocations.



Fig. A .10

Grain

Microcrack formation at the tip of a piled-up group of
edg e dis locations.
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Another mechanism of crack nucleation is by deformation twinning

in b.c.c. metals. Such cracks have been observed in many investiga-

tions (81-84). Cracks of this type are fOl~ed at the junction of twin
.w.;~.

bands when the resolved normal stress on the cleavage plane is high.

A.4.1.3 Crack Propagation - The length of a crack nucleus is of

the order of a few micrometers. The first step in crack propagation is

the ini tial ~rO'vth of the crack nucleus to a g~ain boundary or another

obstacle. At this point the obstacle mayor may not be able to stop

the crack from growing. Under certain conditions a nucleated crack can

grow to final fracture provided that the elastic energy released is suffi-

cient for both the energy of the new surfaces and also for all additional

fracture work. However, this is not always the case. The unstable crack

could meet a tougher second phase or a strong obstacle, and be stopped.

In that case, a substantially higher stress is required to restart the

crack.

A.4.l.4 Theoretical Treatments of Cleavage Strength - In calculating

tbe theoretical cleavage strength, several important points should be con-

sidered. The first one is the stress concentration at the tip of piled-

up dislocations. The others are the cohesive strength and the stress

relaxation produced by dislocation motions. It is also necessary to know

which of the stages of the cleavage process (nucleation or crack growth)

is the most difficult one to carry out. Quantitative analysis by several

investigators has given the critical shear stress for cleavage (85-90)

i1~
Stroh "(85) assumed that crack nucleation was the maior obstacle and the

critical change is given by

I~.
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where G is the shear modulus, b is the Burger's vector and L is the length

of the slip band. Experimental results (91), particularly those con-

cerning the effect of superimposed hydrostatic tension (92-93), indicate

that the critical step in cleavage process is the crack growth. This led

Cottrell (77) to decide that the crack propagation was likely to be the

significant step.

For a polycrystalline material of grain size d, the crack growth

according to Cottrell's model, occurs at a tensile stress, crfwhen

cr
f

8r. y
m

k
y

d-l/2 A.28
<.

~~ere Y is the effective surface energy, k is a Parameter from
m - y

the Hall-Petch (94,95) relationship for the yield strength of polycrystal-

line materials according to
'.

cr =(J +k
Y 0 Y

d-l/2 A.29

where cr is the lattice friction stress and k is a measure of the
o y

pinning of dislocations. Eqn. A.29 considers the contribution of grain

size on cleavage strength and the other effects of the microstructure are

through Y and k .

m y

Smith (88) has considered a situation in mild steel where a nucleated

crack in the carbide phase propagates through the tougher ferrite. The

critical tensile stress for cleavage based on this model can be given by

1/2bT = G [ ] A.27"
;t, c

1T-L
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= A.30

Reiff and Haas (90) have recently applied Cottrell's model to the condi-

tion where the fracture of grain boundarv carbides act as the crack

initiation. The result is given by

8.8 y Gm
d

1/2

) A.3l

where a is the lattice friction stress. y, as given in the above equa-o m

tion, is the work done near ~he tip of a cleavage crack that is propagat-

ing within the grain. y should be differentiated from y of the Irwin
m p

formula (Eqn. A.7) in which y represents the plastic work done near the
p

tip of a propagating microcrack. Yokebari(89) has treated the problem

with consideration of plastic relaxation and the critical tensile stress is

given bv

A.32

where kl, k2 and k3 are constants, and all the terms are as defined above.

Some of the unsatisfactory features of the models mentioned above

are (a) the dislocations are assumed to be in static equilibrium, but they
if"

actually reach their positions with finite speeds that are strongly stress

dependent; (b) the strain rate effect is neglected, (c) stress relaxation is

not treated explicitly, (d) the contribution of both cohesive strength and

stress relaxation appear together in the energy parameter Ym' (e) no account
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is taken of the effects of microstructure. Nevertheless, the final results

of these models

(

y G

)

1/2

~ ' where

indicate that the cleavage strength is proportional to

G is the shear modulus, Y is the effective surface ener oovm -

and L is the length of the slip band.

This implies that cleavage strength increases qS the required work

for cleavage increases. It also indicates that a decrease in length of the

slip band should increase the cleavage strength. For this reason grain

refinement should increase resistance to cleavage and this has been observed

experimentally.

Experimental results indicate that the cleavage strength is not

strongly temperature or strain rate dependent (39,96,97). This implies

that the effective surface energy and the other factors that influence the

cleavage process are also not strongly temperature and strain rate dependent.

An explanation for this behavior comes from the consideration of the dis-

location velocity, which is one of the most stress and temperature sensi-

tive parameters. An increase in velocity will increase the rate of piling

up and thus produce higher stresses locally. However, it may also in-

crease the rate of relaxation near the tip of the pileup which reduces the

stresses locally.

The idea that cleavage strength is not strongly temperature and

,:-,,,

strain rate dependent leads to a simple criterion for brittle fracture.

According to this criterion, cleavage can occur when the maximum normal

stresses are larger than or equal to the cleavage strength. Numerous

experimental results support this criterion for cleavage fracture (98-101).

iWt

ill)"
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A .4.2 nl1rtilp Fr;:Jrtllrp- In contrast to cleavage fracture,

ductile fracture occurs with a large amount of plastic deformation. It

involves three stages, (a) void nucleation by the fracture of inclusions

or second, phase particles or by their separation from the matrix, (b)

grm'>'thof the resulting voids while they are still 1videly separated, and

(c) coalescence of the voids to form a microcrack. The problem of ductile

fracture has not received as much attention as brittle fracture due to

mathematical complexity and many questions are open for investigation. The

most fundamental point concernin~ the mechanism of ductile fracture is

that it is initiated by the generation of voids at inclusions and second phase

particles (102,103). These voids gradually multiply and eventually nucleate

a crack by joining together. Several experimental results (104,105) have

confirmed that void formation can be due to either interface failure or a

result of particle fracture.

Gurland and Plateau (106) have proposed a criterion for void form~-

tion. They suggest that the energy relief due to void formation must be

sufficient to produce the required surface energy to create the new free

surfaces.

or
1

a =-
void 2

A.33

where a is the stress in the matrix, D is the diameter of the void, y is

the surface energy. The value of y depends on the surface energy of the
~ ~

matrix ymn, the surface energy of the particle (y;) and the interface
~

energy (Ym;)' such that the following condition holds for interface de-

cohesion for particle fracture:
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y
*

y
mp

for interface decohesion

iJ
"

A.34

y ? v

- 'p
for particle fracture

Theoretical studies for the ~rovth of nucleated voids have been

made by' several people (106-109). ~fcClintock (110-111) considered uniformlv

spaced cylindrical holes in a linearly strain hardenable material under

simple shear with superimposed hydrostatic tension. The rate of gro'vth

of these holes depends on the two transverse components of stress, a
- . xx

and a , the equivalent stress and strain, and on the strain hardeningyy

exponent n in the flow equation.

= (1 -n) m

Sinh [(l-n) (a+ (J..) /(2a/(3) 1xx vv

A.35

where m is a parameter ,.!hich depends on the si ze and distance bet'veen

the holes. The criticism of this model is that in the presence of a rela-

tively rigid inclusion, free deformation of the voids is limited. Another

objection is that the model is two dimensional.

Since the field of ductile fracture is complex and unexplored, it

has been a difficult task to express a definite microscocic (r~t~Jion for

fracture. Criteria based on strain alone have been propo3sd (111,112).

This criteria, although often satisfactory, cannot be generally APplicahle:

for example, Hogdson's (113) results indicate that the process of void

formation requires critical stress, while the growth and coalescence of

voids depends on hydrostatic stress and strain. A criterion that takes

.
w
;

into account both stress and strain would be more successful. Until more
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investigation on ductile fracture is carried out, no simple criteria can

accurately describe the microscopic aSDects of ductile fracture.
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