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ABSTRACT

The effects of notch root radii on the toughness of quenched and
rempered 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 Charpv 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, transmissicn and scanning electron

microscopy as well as X-rav 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 invelving double slip band for the intergranular fracture

initiation mode is also discussed.

viil



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 austenitizine 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 intergranular fracture, and was also coincident with cementite precipita-
tion. 1t is believed that the prior austenite grain boundarv segregation

coupled with cementite precipitation tripgered the above embrittlement.
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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-histcric davs are
not wanting. However, production of steels and later allov steels in
an organized way started cwnly 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
orocess, the basic oxvgen 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
contaln one or more other elewments to give them special qualities, were
also developed. For example, todav we have aluminum steel which is
smooth and has a high tensile strength. Chromium steel is most widelv
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 todav's

ever increasing demands.



As the need for newer, stronger, and purer materials in general
and steel in parrticular has increased, so 2lso has the need increased
to guarantee safety against catastrophic failures, especlally 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 powerful
tool to deal with fracture problems. By using the plane strain fracture

toughness, K it is pow possible to predict the fracture resistance

1c’
of brittle structural components in the presence of flaws and defects,

which are inherently present in anyv structural material.

As mentioned before, low alloy ultra high strength steels offer
the advantage of a high strength to weight ratio. Such steels are oftren
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



steels without the high cost. This has been achieved bv altering only

the heat-treatment procedures (i.e. high temperature austenitization).
Furthermore, the fracture toughness levels have been achieved without

a reduction in strenath. 1later 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. 1In fact, it has been argued that the proposed
heat-treatment modification produced a microstructure, which is essentially

detrimental.

The arcuement 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) s greater range of notch
root radii, (b) larger number of test conditions, and (¢) for more number
of heat-treatments, than has been attempted before. The second purpose
of this investigation was to study the tempering bebavior of as-guenched
4340 steel after austenitization at 1200°C: for tempering in general
renders still higher toughness. TFrom the standpoint of strength and
toughness, bainitic matrices are sometimes as good or better than the
martensitic matrices. Hence a few exploratorv bainitic heat-treatments
of 4340 steel after hiph temperature austenitization were also studied

along with the above objectives.



1.1 Review of Relat=d Vork: The relationship between microstructural

features and mechanical properties of metals has been a major studv for
the metallurgists for a long time. TFTor 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 conventicnal avstenitizing tempera-
ture {870°C) fer 4340 steel can produce almost two-fold increase in KIC
without the reducticr in vield strength in as-guenched condition (For a
detailed description of the ch testing the reader is referred to the
appendix). Concommitant with the increase in KIC’ fairly continuous
100-200 & thick films of retained austenite were observed between the
martensite laths. Additionallv, specimens austenitized at 870°C contained
twinmed martensite plates while those austenitized at 1200°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,
Chaypy value is not increased proportionately. 1In 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 .0l inch).



T¢ has been shown (2) that in the pre-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 Do’ which may be thought to be equal to the prior austenitic
grain-size. (For a description of the limiting roct 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 onlv an apparent one, resulting primarilv from increased grain-size.
Also, althouéh it has been shown bv TEM that retained austenite in as-
quenched condition 1is significantly higher for the high temperature
austenitization case (1), it has been claimed by magnetic and X-rav tech-
niques (3) that retained austenite percentage remained unchanged from
conventional to high austenitizing temperature (i.e. about 67%. See Figl.2).
However, at yield, the retained austenite percentage dropped below 2%.

Thus the retained austenite contribution to improved K. has been dis-

Te
counted (3).

1.2 General Microstructure/Toughness Consideration: Characterization

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

baen attempted by manv investieators for several decades. Tn general,
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two forms of martensites have been recognized: (a) lath marctensites
which have been found in low carbon and 18-8 stajnless steel and which
are dislocated. () Plate martensites which have been found in high
carbon and high nickel steels, which are internallv twinned. Among the
factofs (4) favoring the formation of twinned martensites are (@; low
Ms’ (b) high stacking fauvult energy of the parent austenite. Later in-
vestigation (5) supported only the first factor and discounted the second
one. Another interesting 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 MS and twinned martensites will be favoured for a lower MS

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 svstems 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 possass superior toughness proper-
ties compared to plate martensites at the same vield strength level.
However, Zackav et al. (8) showed a one-~to-one relation between the
austenitic grain diameter and the length of the largest martensitic plates/
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 martensitic laths
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from high temperature austenitization, we have thus rtwo competine factors
for the enhancement of toughness. Since the lathis are disleccated and not
twinned, toughness should increase: however, the toughness should de-

crease, because of the concomitant increase of lach size.

The tempering of martensites in steels is an agine process which
is normally considered to occur in three stages (9-11): t(2) the deccmpo-
sition of martensite and the precipitation of e-carbide, (d) the trans-
formation of retained austenite to ferrite and cementite, (c» the trans-
formation of e-carbide to cementite. While 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 ¢f the morphologyv of as-cuenched martensite has been
first discussed by Kellv and Nutting (4). Thev 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 vroperties

of lath and plate martensites after tempering up to 540°C have been



-
-

investigated by KHuang and Thomas (13) in 0.25 pct C steels with varving
amounts of nickel and manganese. Thev found that at equivalent vield and
ultimate tensile stremgth levels, the tempered martensite of lower Mn
steels (lath martensites) showed better impact toughness than the temnered
martensites of higher Mn steels (plate martensite). Also it has beep
reported bv Smith and Heheman (14) that the yield strength of 4340 steel
drops when martensite and bainite are tempered bevond 300°C. This de-
crease in vield strength has been attributed to the coarsening of carbide

precipitates.

A bainitic heat-treatment is often emploved to get high toughness
in low alloy high strength steels. The reasons are mainlv two-fold;
(3) bainite is very similar to tempered martensite, (b) 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, (b} lower bainite where iron carbide
(e-carbide) precipitate inside the ferrite laths. OQuantitative relation-
ships between the microstructure and strength of bainite are difficult
to define because of the manv interacting factors. However, it is
qualitatively known that a large bainitic ferrite grain size and a long
inter-carbide spacine are detrimental to stremgth. For this reason, lower
bainite is generally stronger than upper bainite. The reasons normallv
attributed for the high strength of bainite (15) are (a) dispersion harden-
ing by precipitated carbides, (b) high dislocation densitv of bainitic

ferrite, {c) solution hardening effect of carbon in solid solution in ferrite,
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(d) Fine bainitic ferrite grain-size. Irvine and Pickering (15) have
demonstrated that a .5/.6% C - 1% Cr - 1/2% Mo-B steel can be raised to
255 Xs.i. tensile strength by a bainitic treatment. In fact, it has
been argued (16) that the morphologv of lower bainite can be favourablv
compared with that of cempered martensite structure. However, Lai (17)
observed two variants of e-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 alloving elements takes place (18) between austenite

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

1.3 Experimenral 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 Charpv values are not improved proportionatelv.
The microscopical features attributed to such improvement in KIC are

(a) increased amount of retained austenite, () absence of twins in the
martensitic laths. On the other hand such improvement in KIc and decrease
in Charpv has been related to an increase in the limiting root radius,
which has been hvpeothesized to be eguazl to the prior austenitic grain-
size. 7The root radius effect has been based on verv limited data (up to
0.03" by instrumented Charpy and 0.01" bv slow-bend Charpv 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 namelv (@) 1200°C/A0, (b) 870°C/A0, (c) 1200°C/

AQ + tempering at 175°C,(d) 870°C/A0 + tempering at 175°C. The reason

for the additional two heat-treatments is that the highest toughness for
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the 1200°C austenitizing treatment has been achieved at a tempering
temperature of 1753°C (20). The conventional 870°C austenitizing followed
by tempering at 173°C is also studied along with for comparisan. Secondly,
c—carbides start participating in the martensitic plates for the conven-
tional austenitizing treatment around {hat temperature and hence such
comparison will be made on the basis of 2 maore even microsatroctural
feature. The tests were planned to be carried out by insrrumented and
slow-bend Charpy tests and at room and liquid nitroeen 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 mayv be well below rocm temperature. However, mechanical testing
to evaluate toughness is carried out at rvoom temperature only. Since

the temperature of the landine gear, when it hits the ground, is not known,
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 varving from ore-crack to
.04 inch have been used. Thev were later expanded to include two more
root radii (.07 inch and 0.10 iunch) for rhe room temperature instrumented

Charpv 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 230°C) was conducted. 1In summary, the differences between
the two types of testing were examined and their effects on the

measured toughness were analvzed. (For a detailed comparison between the



two tests see the appendix). In addition to as-auenched structure between
the two austenitizing treatments, the tempered structure were also
examined. The reasons are as feollows. First, tempering, in general,
renders higher toughness. Secondlv, as stated eavlier. the tempering
characteristics of lath and plate martensites differ and hence it mav

be interesting to see the toughness behavior in the tempered structure
after the two austenitizing treatments. Thirdlv, retained austenite
generallv 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 bevond 300°C (14),.

As stated before, a bainitic treatment is often employed to get
the high toughness in low allov high strength steels. The reasons are
mainly two-foid, (@) lower bainite is verv similar to tempered martensite,
(b) bainitic treatment is relativelv free from aquench 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 1200°C austenitization for 4340 steel (shown 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 bezinitfic 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
namelv, &) 350°C, (b) 335°C, (c) 300°C have been chosen for the bainitic
studies. As seen from the TTT diagram, the first two temperatures are
above MS and the last temperature is below MS. The difference between
the two treatments is that in the former first bainite is formed followed
by martensite on subsequent quenching; in the latter first martensite
followed bv bainite subsequently followed by martensite eon quenching.
Bainitic treatments are carried out for varving lencths 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: — Recentlv it has been documented that the

plane strain fracture toughness of 4340 steel can be improved bv almost
two-fold (1) in the as-quenched condition when austenitized at 1200°C
instead of conventional 870°C. The reasons (1) attributed for such en-
hancement in toughness are (a) retained austenite between the martensitic
laths, (b) dislocated martensite instead of twinned martensite. Ope 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 discrepancv in results in two tvpes 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 verv limited data. In this

investigation the effects of notch root radii on the toughness of 4340



steel after modified and conventional heat-treatment have been studied

in much greater details; (3) broader ranze of notch root radii (pre-
crack £o 0.100 inch roct radius), (Db)larger number of test conditions
(high and low strain rates and room and liquid nitrogen temperatures),
(¢) more number of heat-treatments includine both as-~quenched and tem-
pered microstructures. Nexi, the temvering behavior of the steel (4340),
after austenitizing at 1200°C has been studied. Since tempering, in
general, renders still higher toughness. Also as the tempering behavior
of lath and plate martensites differ, a comnarison 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 vield strength of tempered

martensite of 4340 steel drops beyvond 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 fer high toughness in low alloy ultrahigh strength

steels both preeutectoid ferrite and upper bainite have to be avoided.
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2 EXPERIMENT AL PrROCRIT T

In this sectien tne cxrerisenrtal procedures will be described.

2.1 Materials and Specimen “reparation: - The allov used in this

investigation was aircrafr cuslitv 4340 steel plate with the fcllowing

chemical composition:

C Mn Si S © Cr Ni Mo Cu Y Fe

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

The materials were recelved in the hot rolled condition in the
form of 0.625" thick plates. The location of the specimens wicth 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
point bend specimens) and also Charov specimen are given in Fig. 2.2. A grind-
ing wheel was used to produce specimens of variable root radii using coolant and
light pgrinding 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 i_5°C. The furnace was sealed at both
ends and austenitizing 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 divectlv into the agitated oil bath
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below. The bainitic treatment from austenifizing temperature was done
in a salt bath and then quenched in an agitated cil bath at room temperature.
All tempering was done in an agitated salt oath for one hour followed bv

quenching in an agitated oil bath at room temperature.

2.3 . Testing Method

2.3.1 Fracture Toughnesgs Testing

The room temperature longitudiral vlane strain fracture
toughness was determined uvsing the ASTM svecified (114) compact tension
testing specimen, Filg. 2.2a. All specimens were machined from 5/8 1in.
thick bar stock to final dimensions except for the thickness of an
0.008 in. slot. After the heat-treatment an .D08 in. thick slot was
machined in order to act as a notch for introducing a farigue crack., A
22,000 lbs Instron Lawrence dvnamic 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 lcads were kept within ASTM recommendations
(115). Fracture toughness testing was carried out at a cross head speed

of 0.1 c¢m/min.

The stress intensity for the compact tension specimen
has been determined bv Brown and Srawlev (46) and can be expressed as a
function of specimen geometrv and lcading to result in the following

equation
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P a
K=—F— f (%)
BNl/z w
a 2 .
e @ =206 &Y Jsss (B3 L5 (B2 (2.1)
194 w \4 W
-1017 (%)7/2 + 638.9 (3)9/2 where K is the stress intensitv, P

W
the load, B the thickness, w the specimen width and 2 the crack length.

A crack opening displacement (COD) gauge was used Co
follow the crack length during each test. With the use of a crack-
opening-displacement vs crack length calibration curve, (Fig. 2.3) for
this particular specimen geometrv, 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 detrermined using

Eq. 2.1 in accordance with the ASTM standards.

2.3.2 Tensile Testing

The room temperature longitudinal tensile properties
wvere determined using a 1 inch gauge length, 0.250 inch diameter ASTM
specified round specimen shown in Fig. 2.2¢. Machining was done prior to
heat treatment. A 100,000 1bs capacityv MIS machine was used to test the
specimen at a loading rate of 0.1 cm/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. 1b. capacity. The instrumented tup was part

of a commercial Dynatup svstem developed by Effects Technologv, Inc.,
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Santa Barbara. On impact, the dynamic load on the specimen 1s 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 1bs/v. To assure the
reliabilitv of dvnamig load measvrements, two methods can be used to cali-
brate the system. The first method is to compare the imnact energy (wt)
recorded from the Charpy machine dial to the energv measured from the

area (A) under the trace of lcad-time curve recovded by the oscilloscope.
The area measured in units of square inches can be converted to energy

Wc with units of ft-1b from the following equation:

We = A C Cy Pd G/ca, (2.2)
where Ca = area of one square division on the
oscilloscope record.
CX is the time sweep rate per division.
Cy is the vertical sensitivity per division and
v is the effective velocity of the tup during the entire

impact. Eguating Nt to wc and rearranging gives the

following relation from which Pd can be calculated:
Pd = W_ ca/C_C_ v A. (2.3)
t X Vv

Accurate calculation of the effective velocity is diffi-
cult. However, for low values of impact enerey the difference between

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

two velocities. Thus,

v = (vf+vo)/2- (2.4)

A material with an impact energy value of about
20 ft-1bs is suitable for this calibration purvose, 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 bv

1/2 . . . o
vO = (2 gh) where g is the acceleration of gravitv 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 dvnamic fracture toughness of about 23 ksiuf;; mayv
be used. Pre-cracked specimens may be broken with the impact hammer and
the value of Py 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 imstrumented impact testing
was done at Effects Technologyv, Inc., Santa Barbara. A few were carried

Oout at Battelle Memorial, Richland,at an earlier date. The svstem located
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at Effects Technology was also eguipped with a microprocessor so that

the fracture tcughress cata 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-nxcint bencing fixture as shown in Fig. 2.4. The bend
jig was attached to rhe bottom of the cross-head of the Tnstron  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).

M
K = EX% (3)1/2, where
BM™
a 2 - a3 4
Y = 1.93-3.07 (6) + 14.53 (a/w)” - 25.11 (;) + 25.8 (a/w) (2.5)
and M 1is the applied moment. In case of precracked specimens, it was
done in the same fixture.
2.3.5 Three-Point Slow Bend Testing with Fracture Toughness

Specimens Configuration

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
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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 Tnstron testing machine. All fatigue

c

cracks were at least .03 inch long and fatigue ioads were keot within

ASTM recommendations.

The stress intensity factor can be expressed as a

fu nction of snecimen geometyv and can be expressed using Equation 2.5.
2.4 Electron Microscopy
2.4.1 Scanning Electron Microscopv

Scanning electron microscopv was carried out using a
Hitachi scanning electron microscopy at 25 Kv (secondary electron volt).
For each specimen the region adiacent to the faticue 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 sprav. Before

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

2.4.2 Transmission Electron Microscopy

Sections for transmission electron microscopy were
taken from the midsection of the KIC specimens. Thin foil prevaration was
carried out using both the window technique and the jet polishing techniaque,
(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 coniunction with the window
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technique. The exact composition of the electrolvie and the polishing

conditicns are given below:

Electrolvte:
Galacial Acetic Acid 135 ml
Chromium Trioxide 23 ¢ems
Vater 7 ml
Polishing Conditions:
Temperature 10-15°C
Voltage 25 volts
Current densitv 0.1-0.2 anp/cm

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 emploved. These 10-15 mil sections were then carefully ground
to about 5 mils thickness. TFrom this thickness, final polishing bv either
the window or the ijet polishing technique was carried out. Electron

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

2.5 X-rayv Diffraction:- Powders for X-rav diffraction were taken by
filing from KIc samples. Care was taken to see that powders were not
contaminated bv filings or oxidation product. Cobalt Ka radiation was

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

on a computerized system.



3. RESULTS

In this section the results will be deseribed. 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. 1In 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. Aczordinglv the
mechanical vesults 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,
(¢) mecharical properties in the bainitic region after high tempersture

austenitization.

3.1.1 The Effect of Notch Root Radius on the Toughness

Charpy specimens of varying root radii (up to 0.1') were
tested at room temperature by slow~bend Charpy &low 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 priox
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 Tewperature Instrumented Charpv Tes:

The room temperature instrumented Charov
data having various root radii are given in Table 3-]3. 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) 1200°/An, (by 1200°C/
AQ followed by tempering at 175°C, (¢ 870°C/A0, (4 870°C/A0 followed
bv tempering at 175°C. The corresponding results are shown in Fie. 3.5 .
The noticeable feature is that the toughness increased with the increase
in root radius up to 0.04" root radius. However, bevond that point there
was a plateau up to the root radius .07" for the three heat-treatments
namely (&) 1200°C/A0 followed bv tempering at 175°C, (B 870°C/a0, (¢
870°C/AQ followed by tempering at 175°C. The toughness, however, increases
again with further increase in root radius. TFor the other heat treat-
ments, namely 1200°C/AQ, a substantial drop in toughness was observed at
the root radius of .07". However, when the root radius was increased
sti1ll further to 0.1'", the toughness again increased as observed in the
other cases. Tt should be pointed out, however, that except for the lzast
heat treatment (i.e. 1200°C/AN) for all other heat treatments general vield-
ing occurred during the test at root radii of .04 inch and larger. For

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

inch.

3.1.1.2 Room Temperature Slow Bend Test

The room temperature slow bend Charpv 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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TR E 3-1

ROGN TERFERATURE TOUGKNESE OF 4342 STEEL BY INSTRUMENTED clpopy
SPECIMENR HaVIKG YARIOUS ROCY RADII

csCIEEN AUSTENITISIRG TERPERUNG ROCT ;LAPP> —
Y 1D TREATMENT TERPERATUFE RADIUS KS1/1X " P&
- "C/1H *C/1H I NCH - -

fo 3 1 2EP AQ .884 B9 838 ag . 7¢p
f-32 ’ ' .BBd4 9g 52 1pe 7
4-33 ’ ‘0 . BBé& tBB. 8¢ 118,72
(- 34 x v . BBE& 89 85 189.63
a-35 ‘s ' B2 t15. 1E8 126 3&
a-3¢ t o B2 111.45 122.37
a-37 ' ’ B3 133.68 14¢ 78
a-36 e ' B3 126.38 128 76
4-39 e . s B4 141.97 155.88
a-4E ’ ’ B4 128.76 141,31
a-389 ’ s .B7? 85 52 184 88
A-329B ’ ' .B7? 88 .56 97 .24
a-381 v 2 ‘B 127.38 123 86
f-382 . ' .18 132.82 144 9¢
a-41 1288 175 .BB4 125 .65 116.B8
a-42 ’ H . BB4 1B5.65 116.88
A-43 ’ v .8B6 116.27 127.66
p-44 = o .BBé& 119.42 131.12
A-45 ‘o re .B2 126.B5 138.4B
A-46 ) ' .82 125.55 137.85
R-47 s i B3 148 43 162.98
k- 48 , " .B32 146.45 16B.85B
R-49 i r .B4 148 43 162.98
A-5B s ‘e B4 148.8! 154.61
A-39) s e .B? 142,96 156.98
£-392 + " .B7? 132.67 145 .68
A-383 ‘s v 1B 15SB. 26 164.99
R-384 s r . iR 144 63 158 .88
R-714 878 AQ .BB4 9¢ 52 1B5.98
a-72 ’ s ' .BB4 87 .85 187 . 44
a-73 ’ ' .BRB¢ 118.13 128.92
R-74 ’ ‘o .BB6 181.58 111.45
A-75 ’ e .B2 141.64 155.52
A-76 ’ 10 .82 152.58 167.5%4
a-77? 0 s .83 156.56 171.91
A-78 ‘1 ’ B2 159.55 175.19
R-79 . x B4 16¢.18 182.47
A~8p . o .B4 159.22 174.82
f-385 ' v B7 152.58 167.54
R-38¢ .’ x B7 144.95 159 .16
R-377 ' ’ .18 148.43 162.98

R-378 ’ 2 .18 169.17 185.75
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pook TERPERATURE TOUGHNESS OF 42¢p STEEL EY IRUTRUMENTED CHATFS
SPECIMER Ka®ING Y&FICOUS ROCY Fal 1)

GFECIKRER AUSTERITISIRG TERPERUNG KOG T K aPP) ’_
1D TREATMERNT TERFERATURE RADIUS £ST "IN MFa 't
- "C/ 1R " C/1H IRCH - -

G-€1 878 175 .BB4 117 . g% 12¢€ 57
a-62 v . .BRY 115 7¢ 127 11
4-63 v a .BB¢ 125, B5 $137.314
a-84 T ' .BES 127 .84 139.49
f-£5 e - B3 151.58 166 44
a-8¢ r > .B2 154 .61 {1 7E.89
a-R? r ‘e .B3 167.51% 162, 92
p-8¢8 r ‘e B3 173.48 198 . 45
g-€9 ’e ‘e B4 172.49 183,39
g-°F * ‘o .Ba 177.79 135.22
R-367 . ‘o .B7 164.85 i{81.B¢
t~368 2 ‘1 .B7 159 .88 175.55
k-378 4 ’ 1B 188.12 197.77
R-33P 4 o 1B 176 .14 193 4B
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TR _E 3-2
Tl TEKPERATURE TOUGHKESS DARTA OF 4348 STEEL BY SLOW-BEND CHARPY
SPECIFENS HAYING VARIOUS ROOY RaDI]
pECIWEN AUSTERITISING TEMPERING  ROOT KCAPF ) ,__
0o TREQRTHENT TEXSERATURE RADIUS Ks1/IN XPa A
o ‘C/1H 'L/ tH IKCH - -

=151 1288 aQ B84 €5 .47 71.88
ho 152 » s AR BB4 7B.23 77 .11
4153 ’ Ao BB6 78.23 77 .41
2-154 o ad BB 67 .85 74 .49
4-155 ’ s ag B2 53.5¢6 58.81
f-156 s ae a2 52.37 57 .58B
=157 ’ Ao B3 55.95 61 .43
a-1586 ' a0 B3 43 .99 54 .85
4-159 s : Ao B4 59 514 65.35
A-168 » Ao 84 57,134 €2.73
a-161 1288 175 BB4 B6 .89 95 41
A-162 » 175 8B4 95 223 184 55
a-163 = 175 BBé 39 .984 1R9 .78
a-164 ’ 175 _BB& 184.75 115 82
a-165 > 175 B2 53 563 S8.81
a-166 o 175 B2 85 .781 ¢4 B9
a-177 b {75 B3 82 843 1B1.94
a-168 x 1?25 B3 95 223 1B4.55
a-199 ’ 175 B4 1B3.57 113,71
a-178 ) 175 84 97 6B4 187,17
f-171 B78 ag BB4 I8 .89 ¢f .82
A-172 b Qg AB4 67 .61 52 28
A-173 x R0 BB6 45 23 é9 66
A-174 ’ a0 BESE 44 184 48 .51
f-175 > ag B2 35 7B 39 .21
=176 2 AQ .82 3¢ .B3 48 .51
R=177 1 ag B3 32.33 3659
A-178 1 aQ B3 28 .89 4y 82
R=-179 ’ @an B4 42 85 47 @5
A-188 ax 4o .B4 48 94¢ 44.96
A-1B1 g7B 175 BB4 112. B78 124.16
R-182 ' 1?25 8B4 117.839 128.39
A-183 x 175 N1 92 843 1B1.94
A-184 ’ 175 .BB6 188.317 118.93
A-185 s 1?73 B2 116.65 128.88
R-18¢ . 175 B2 114.27 125.47
A-187 ’ 125 83 9¢.4232 {85.87
A-188 . 175 83 9F 462 39 .33
R-189 x 175 B4 73.7¢98 Bl B3
A-198 s s 175, B4 78 .47 77.37
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given to these specimens of various toot radii. The corresponding
results are depicted in Fipg. 3.2. The noticeable feature in this figure
ijs that the toughpess abruptly dropped for all the heat-treatments

when the root radius exceeded 0.01 inch. TFor root radii less than .01"
the touphness increased with the increase in roct radius for all heat-
treatments. However, for the heatr-treatment 870/A0 followed bv temper-
ing at 175°C the increase in the toughness was most marked. Beyond that
yoot radius, the touchness levels off, thoueh the trend is for a little

increase in the toughpess for all the heat treatments.

3.1.1.3 Liguid Nitrngen Instrumented Charpy Test

The liquid nitrogen instrumented Charpy data
having various root radii are given ipn Table 3-3. Root radii varying
from zero (i.e. 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 bevond .006" angd levelling off of

the toughness beyond that radius.

In summarv, 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 previouslv 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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3.1.2 Comparison of Tewpering Behavior After Both High (1200°C)

and Conventional (870°C) Austenitizine 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. F¥Firstly, pre-cracked Charpv speci-
mens were tested under slow-bend condition, the strain-rate approach-
ing that of the KIc testing. Secondlyv, the fracture toughness test in-
volving three-point bend specimens was performed. Thirdly, both V-notch
Charpv specimens and three-point bend specimens with a root radius or
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 sliow-bend pre-cracked
Charpv test results are given in Table 3-4a. The vre-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
namelv 870°C and 1200°. It is seen verv clearlv that in the pre-cracked

condition, the high austenitizing treatment was unquestionably better up
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to a tempering temperature of about 200°C. However, the toughness dropped
abruptly when the temperineg temperature was further increased for the high
austenitizing case whereas no such drop in touchness occurred for the

lower auvstenitizing treatment for this tempering temperature range.

3.1.2.2 Instrumented Pre-cracked Charpy Test

The rcom temperature pre-cracked instrumented
Charpv test results are tabulated in Table 3.5a and also depicted in
Fig. 3.6 as a function of the tempering temmerature 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 embrittliement'’
beyond a tempering temperature of 225°C for the hish austenitizing case,
whereas no such drop was observed for the lower austenitizing temmerature.
Before the embrittlement, toughness, of course, increased with the increase
in tempering temperature as in slow-bend Charnv tests. This also shows
that the strain-rate has insignificant effect on the toughness behavior

of the steel in question.

3.1.2.3 Ihree—Point Bend PTE‘TQ Strain Fracture

Toughness Test

The room temperature longitudinal f{racture
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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KOOF TEMFERARTURE EBEKD SPECIMEN FRACTURE TOUGHKESS DATA FOR 434B STEEL

SPECINEN AUSTERITISIKG TEXFPERING R/ KC1C>
1D TREATKENT TERPERATURE - kst /1n wea[/w
—- '€/ 1K ¢/ 1R - - -

-2 878 Ao .52 38 214 41.96

-5 - 175 575 65.938 72 .48

1-6 s 1?75 .49 74 5573 £1.8¢6

T-17 o 288 52 83 .42 31.27

T-9 1208 AQ 55 27 .63 85 .24

T-18 ' Ao .57 66 .44 22 95

1-13 ' 175 .5 98 .44 1R8. B

T-14 = : 175 56 112. 8 122.92

T-19 r 28H .43 ¢6 .81 75.55
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however, bevond that tempering temperature the lower
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austenitizing treatment wave 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.

While because of low energv tear made of fracrure Charpy V-notch enersy
1s not considered significant in this dinvestigation, the corresponding

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

3.1.2.6 Blunt Notch ASTM Bend Specimen  Tracture

Toughness Test

The toughness data by blunt notch ASTM bend
specimens are tabulated in Table 3-8 and are shown in Tig. 3.11. The
trends were exactlv 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, snecimen thickness,
ratio and the strain~rate. However, the toughness for the lower austenitiz-
ing treatment appeared to be superior when the erack tip is blupt 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 determinacion of

transition temperature. High strength steels like 4340 fail by a low
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T E 3~7
RCOM TEMPERARTURE CHARRPY V-NOTCH ERERGY FOR 434B STEEL

HEART-TREATNERT AYG. CHARPY ENERGY
- FT-LBS JOULES

B?B’C/1-ARE 8.69 11.775
878’C/tH-8@+TT 138'C/1H 9 .485 12.75
g7R’C/1K-AQ+TT 175°C/1R 18.85 14.71
B7B'C/1H-RR+TT 2BB ' C/ 1R 11 357 15.68
B?B'C/iH-RQ+TT 288’'C/1H 18 13 13 .74
128B’ C/1H-RE . B.136 11.83
12BB'C/1H-aQ¢ TTIS5B'C/1LH 18.85 14 .71
12BB’C/1H-a0+ TT17?5°C/1H 13.39% 18.15
{28B°C/1H-AQ+ TT288B'C/1LH 18.85 14 .74

128B°C/1H-RrQ+ TT2BB’C/1H 6.144 8.33
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RODK TERFERATURE BEKD SPECINEN FRACTURE TOUGKKSS (BLURT NOTCH)
FOR 434B STEEL

SPECIMEN RUSTENITISING TEKPERIRG asv ' _heaPey
1D TREATKENT TENPERARTURE - KS1/ 1K KPa m
-- "C/LR “C/1H - -
7-3 878 ap 44 88.78 37 48
T-4 ’ aD 47 83. 114 91.25
T-7 x 175 47 169 47 186 .88
T-8 s 125 .48 171.75 188.58
T-18 x 288 .47 149 .92 164 .61
T-14 12EB ) AR 47 99 449 189 .142
T-12 . ) .48 185.87 116.25
T-15 . {75 .48 148 B6 154 .43
T-16 x 175 475 148 .65 154 .43

T-28 ;s 26B 47 $3.697 182.88
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energy tear mude (A1) in Charov testing and hence anv small change in

the Charpv value may not correspond to subtle microstructural difference.
Alsg, in recent vears fracture toughness tests are considered to provide

a meye salantifiic basis for determining the material’s resistance against
fraeture. In order to evaluate the mechanical properties in the bainitic
rezion for the steel austenitized at 1200°C fracture toughness tests and

the correspending rensile 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 thesz tables the ratio Pm/PO is deter-
mined from the load vs crack opening displacement curve generated during
the test. This is chown schematicallyv in Fig. 3.12. These ratios are
included in the tables since thev are a new restriction placed on the
determination of the valicdity of KIc' The ASTM now specifies (115) that
this ratio must be less than or equal to 1.10. However, it was demon-
strated (116) that siznificant difference in the calculated fracture
toughness does not arise, even though Pm/PQ ratio exceeds 1.10. Normally

the two conditions which have to be met for a valid KIc are

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 temperatures for varving lengths of time before quenching in
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FooM TEREERATURE LOKGITUDINRL FRACTUFE TOUGHUNESS DATA FOR 4348 STEEL

CFIZIMEN AUSTENITISING TENFERING K(1CY NaX) . PH/PQ
10 TREATKENT TEKMPERATURE KSI/IN MPA/N KS1/IN mPA/ N -
- »C/H "L/ IHR - - - - R

ol 15¢  $2BB,/1-3SB/INKIN s 7B .4  77.3  84.3 32.56 1.15%
«C 1D, - ag 63.8 VB BS B2 2 9B.25 1.17%
aC 132 = 175 3B.55 99.42 91.8 18R 7?9 1.BI
(o133 = 175 78.8 86 .52 B87.5 9¢ BS 1 B4
Rl 134 x 228 1.4 89.37 B8 7 97.33 | Bé
at 135 = 2BB 88.B B7.84 98.8 1B8 48 1.BE
40 216  12B3/1-35B/SKIN - 6o 53.2 58.41 75.9 83.324 1.2
al 217 ) Ag 60.7  66.65 - - i.B3
4t 218 ’ 175 87.2 95.7?5 - - 1.B2
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an agitated oil bath. Thev were subsequentlv tempered in 3 salt bath
for 1 bour. The results are shown 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 anv isothermal transformation
temperature increases, the toughness decreases. Also, up to about 200°C
tempeying temperzture, the toughness slightlv increazses from the as-
quenched value. Fig. 3.15 shows the toughness value as a function of
the holding time at 300°C, which is subsequentlv temmered 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 1200°C.

3.1.3.2 Tensile Test

The room temperature longitudinal properties
were determined usIing a strain gauge extensometer. The results are
shown in Table 3-10, TFigs 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. TFig. 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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rwo minutes. Also, while there is changce in the strength level for
different tempering remperatures, if the bainitic holding time is 5 minutes
or preater, there is a decrease in the strength as the tempering tempera-
ture is increased for the 2 minute case. Fig. 3.18 demonstrates again

that the tensile strensth remains more or less the same if the bainitic
treatment at 306°C exceeds 5 minutes and also the strength is far less

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

the tensile properties are also impaired for all isothermal transforma-

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

3.1.4 Summarv 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 stronglv temperature and strain-rate dependent, but
independent of the prior austenitic grain-size. (b) TFor different
methods of testing studied in this investigation, in pre-cracked sveci-
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 dinvestigation in both pre-
cracked and blunt-noteh 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 1200°C studied in this investigation was not conducive to improved

toughness.
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Since touphress was not improved for the bainitic
treatment, no further microstructural examination was pursued. The
second two observations certainlv indicate that there must be essential
microstructural differences between the hicher and lower austenitizing
treatments and necessicates such examination as optical, transmission and
scénning electron microscopy. As for the first observation, mechanical
parameters rather rhan microstructural parameters mav dictate the fracture
morphologv and hence necessitates the scanning examination:; in the next

section microscopv results are presented.

3.2 Microscopv: - Microscorical examination is sub-divided into three
\
categories (g) optical microscopy, (b) transmission electron microscopy,

(¢) scanning electron microscopy.

3.2.1. Optical Microscopy

Fig. 3.19 shows the microstructvre 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 likelv auto-tempered
martensite plates. Fig. 3.21 shows the microstructure of 4340 in as-
guenched condition, when austenitized at 1200°C. The most marked differ-
ence as noted between Fig. 3.20 and Fig. 3.21 is the grain size. The

grain-gize of Fig. 3.21 is estimated to be ASTM 1. DMore dark etching plates
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100X.

The

As received structure of 4340 steel.

banded structure is evident,

Figure 3.19.
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Fig. 3.20 Optical micrograph of as-quenched sample austenitized
at 870°C (1143°K),

(a) At low magnification ASTM grain size is found to be 7-8

by At high magniﬁcation, some dark plates representative
of auto-temp ered martensite in a martensitic matrix
{white).



Figure 3.21.

79

Optical micrograph of as quenched sample austenitized at
1200°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.
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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
1200°C. The grain-size determination for different austenitizing treat-
ment has been carried out elsewhere (20) and the summaryv is written as

below.

Solution Treatment Crain Size

As received
870°C/1 hr
1000°C/1 hr
1100°C/1 hr
1150°C/1 hr
1200°/15 min
1200°C/30 min
1200°¢/1 bhr

H H = W W WO WO o
wn

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 hiéher austenitizing temperature (1200°C). The
bainitic heat-treatment consists of holding the sreel at 335°C 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 austenitciz-
ing temperature (870°C)., The bainitic temperature was 315°C and the hold-

ing time was 3 minutes. The latter treatment resulted in significantly
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4340 steel given a bainitic treatment at 335°C for

Figure 3,22,
3 minutes after austenitizing at 1200°C.

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




Figure 3.23.

4340 steel given a bainitic treatment at 315°C

for 3 minutes after austenitizing at 870°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
alsc show clearlv 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 tge higher austenitizing case relative to the Jower austenitizing case

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

3.2.2 Electron Microscopy and X-rav Diffraction

Fig. 3.27 a shows the brighr-field electron micrograph
of as quenched 4340 steel, austenitized at 1200°C. The small e-carbide
particles are seen inside the mertensitic laths and also by the use of
the selected area diffraction pattern as shown in Fig. 3.27 ¢. The spots
due to ¢c~carbide are consistent with previous work (17). 1In contrast,
Fig. 3.28 shows the bright-field electron micregraph of as quenched 4340
steel, austenitized at 870°C. The martensite lath size seems to be
smaller and in particular contain fewer e-carbides or no e-carbides.

The other important microstructural differences between higher and lower
austenitizing treatments, namely absence of twins '‘and more retained austenite
for the higher austenitizing treatment have been documented elsewhere ().

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

more retained austenite and less twins.

Fig. 3.29 and Fig. 3.30 show electron microscopy results
for 4340 steel austenitized at 1200°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 densitv of disleocation and e-carbide as well
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(b)

Fig. 3.24. Carbon replica pictures of samples austenitized at 870°C
and given the bainitic treatment for 3 min at 315°C (588°K),

(a) At low magnification, (b) at high magnification. Carbide
particles in 2 matrix of ferrite and martensite.
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Fig. 3.25. Carbon replica pictures of samples austenitized at 1200°C
and given the bainitic treatment of 3 min at 335°C, (a) At
low magnification, (b) at high magnification, More carbide
particles in a matrix of ferrite and martensite,
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(b) 30K

Fig. 3.27. (a) and (b). B.F. image of as-quenched sample austenitized
’ at 1200°C, showing the presence of €-carbide and retained
austenite
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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. Zomne areas are
<100> and <111> . Spote due to e—car!)aide (Z.AX 11'2“0)6)
are consistent with previous work.




Fig. 3.28.

88

(2) 10K

(2) and (b) B.F, image of as-quenched sammle austenitized
at 870°C, showing little or no €-carbide.

18K
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Fig. 3.30.

90

(a) BF image of samples austenitized at 1200°C and tempered

at 225°C, (b) selected
SADP. Note the matrix
spots due to cementite
which obev Bagaryatski

(100)Crn 11 (0T1>OL(010>C

area diffraction, (c) schematics of
zone areas <110>,, <111>,, (01T)q,
(Z.A. <100>cm) are also indexed
relationship (OOl)Cm 11 (211),

o 11 (I11).
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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 b and c¢ revealed the presence of cementite phase, which

obeved the Bagarvatski relationship, i.e. (100) _[] (011), (010) | |(111),
(001)Cm |!(2ll). Since dark field analysis did not clearly delineate the
cementite, X-ray powder photograephs were obtained using cobalt Ka radia-
tion and the obtained data are given in Table 3-11. The as—quenched samples
and the samples tempered at 175°C pave diffracted lines with nearly the

same d-spacings: however, 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 intermal styains 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 extremelv
small and line broadening probably prevented their analvsis. 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 2.233 and 1.873. These lines coincide with d-spacings
of compounds such as Fe-P, Ni2P, Mn,N and Al.V, which may have resulted

4 3

from the original steel manufacturing process.

3.2.3 Scanning ElectronMieroscopv

Fig. 3.31 shows the fractograph of as quenched 4340
precracked steel austenitized at 1200°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).



Table 3.1 Measured Interplanar Spacings (A) for 4340 Solutioned

a2t 1200°C and Ternpered at Various Temperatures.
As Quenched 175°C/) br 225°C/1 hr. Possible Indices
2.237 (diffuse) 2.229 (diffuse) 2.236 (Giffuse)
2.043 (broad) " 2.044 {sharp) 2.034 (sharp) (110),
1.891 (giffuse) 1.856 (diffuse) 1.873 (diffuse)

- ] - 1,709 (D030) Fe3C

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




(3)

(¢c)

ri-ure 3.31.
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50X

SEM micrograph of as quenched sample austenitized at
1200°C, (a) At low magnification intergranular nature,
(b) fatigue crack zone near the notch, (¢) 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 guenched pre-
cracked 4340 steel auvstenitized at 870°C. Here the fracture initiation
mode, 1n contrast, has been found to be quasi-cleavage/intergranular
cleavage tvpe. The high toughness associared with higher austenitizing
creatment in the pre-cracked condition is thus consistent with the observed

change in fracture node,

Fig, 3.33 shows the fractograph of as auenched pre-
craecked 4340 austenitized at 1200°C followed by tempering at 175°C. The
fracture morpholugy exhibited a fine dimpled structure, tvpical 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 1200°C and tem-—
pered at 225°C, exhibited an integranular brittle fracture. Similarly
as shown in Fig. 3.35 the SEM fractograph of sample austenitized at 1200°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, (¢) at room tempera-
ture and high strain rate and (d) also as a function of microstructures.
Apart from the fracture iniriation mode, the extent of shear lip is also
shawn in some of the pictures. The mode of fracture for both initiation
and propagation is deseribed under each heading. It may be pointed out in
this context that the major portion of the fracture surface is quasi-

cleavage. However, the fracture initiation mode, which has a direct




Figure 3.32.

95

(b) 1000X

SEM micrographs of as quenched sample austenitized at
1143°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 .



Figure 3.33.
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(b) 1000x

SEM micrographs of samples austenitized at 1200°C (1473°K)
and tempered at 175°C (448°K). (a) At low magnification
absence of intergranular natuyre 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)

(®)

SEM micrographs of samples austenitized at 1200°C (1473°K)
and tempered at 225°C (498°K). (a) Intergranular

fracture mode, (b) at high magnification tearing marks

on the intergranular facets,
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(b) 200X

SEM micrographs of samples austenitized at 1200 °C (1473°K)

and tempered at 280°C (553°K). (a) Intergranular
fracture mode, (b) At high magnification tearing marks

on the intergranular facets.

Figure 3,35,
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covresnondanrce wifch Lhe frasture toushress value, 1s different for differ-
ent samnles. Sumarizine gl) the results, schematic STM observvations

can be rade unday twe Co3es.

Case 1 -

cuohress Increases vith Notch Roet Radius: - Tor this

caze scheraric fractonraephic representation looks like the fellowing:

Micro-void Quosi-cleavage
9
coolescence\ /

Notch

~————p Crock propagation direction

In this case, the fracture initiation is zlwavs bv microveid
coalescence, which later changes to cuasi-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 apparentlv

independent of prior austenitic grain size.



100

Case 2 - Touzhness Decreases az the Notch Root Radius is Increased

Sevond a Cricical Value. - The schematic fractograchic observation in

tindis case looks like below:

Quosi-cleavage

Infergronulcr\‘

A

. b_fl\’\

— Crock propogation direction

In this case, when the toughness drops, the mode of fracture
initiation changes to intergranular mode, which later changes to quasi-
cleavaze as the crack propagates. However, this intergranular region is
stronglv heat-treatment dependent, i.e. about 150 microns for 870°C case
(in other words 5-6 grains) compared to about 300 micron for 1200°C (or

about 1 grain).

In essence, the fractogranhic observatrion is consistent with the

toughness data.



(a)

(b)

Figure 3.36,

200X

750X

SEM micrograph of as quenched sample austenitized

at 870°C., It is tested at liquid nitrogen temperature
(instrumented Charpy) and it has a fatigue pre-crack.

(2) 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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(d)
Figure 3.36. (continuation)
(c) At low magnification, the intergranular zone changing
4] to quasi-cleavage, (d) At high magnification, intergranular
% zone changing to quasi-cleavage,

R M L




(e) 50X

(f) 1500X

Figure 3.36 (continuation).

(e) At low magnification, it shows the extent of shear
lip, (f) At high magnification, it shows the microvoid
coalescence (shear lip)/quasi-cleavage interface,

163



(®)

Figure 3.37.
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200X

2000X

SEM micrographs of as-quenched sample austenitized

at "870°C., Itis tested at liquid nitrogen temperature
(instrumented Charpy) and it has 2 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 gquasi-
cleavage mode is geen.
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(c) 200X

(d)

Figure 3,37 (continuation).

{c) At low magnification the relative magnitudes of shear
lip zone and fracture initiation zone are compared. (d) At higher
magnification, microvoid coalescence in the shear lip zone

is evident.



(b)

Figure 3,38,
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200X

2000X

SEM micrographs of as-quenched sample austenitized

at 870°C . It is tested at liquid nitropen temperature
(instrumented Charpy) and has a notch root radius of

.006 inch, (a) At low magnification the relative magnitudes
of ehear lip zone and the fracture initiation zone are
compared. (b) At high magnification it shows how micro-
void zone (fracture initiation) changes to quasi-cleavage
zone (fracture propagation).
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(a) 200X

(b) 1000X

Figure 3.39. SEM micrographs of as-quenched sample austenitized
at B70°C . Itis tested at liquid nitrogen temperature
(instrumented Charpy test) and it has a root radius of
.02", (2) 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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Figure 3.39 (continuation)

(c) It shows that very near the surface, where plane stress con-
diticn exists, the fracture initiation mode is still micro-
void coalescence., The shear lip zone is also visible,

P e




Figure 3.40.
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200X

1000X

SEM micrographs of as-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,



(b)

Figure 3.41.
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200X

10600X

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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100X

(b) 300X

Figure 3.42. SEM micrographs of as-quenched sample austenitized
at 1200°C, It is tested at liquid nitrogen temperature
(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.




112

(a) 100X

Figure 3.43

(B 150X

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 3.4,
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() 500X

(b) 1000X

SEM micrographs of as-quenched samples austenitized
at B70°C, It is tested at room temperature (slow-bend
test) and it has a notch root radius of .03 inch. Both
(2) and (b) show intergranular fracture mode.
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(a) 100X

(b) 100X

Figure 3.45. SEM micrographs of samples of as-quenched at 1200°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.



(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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Figure 3.46:
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(b) 200%

SEM micrographs of as-quenched samples austenitized at
1143°K. It is tested at room temperature (instrumented
Charpy test). (a) With notch root radius of .004 inch,
the fracture initiation mode is microvoid cocalescence,
(b) with notch root radius of .04 inch: the fracture
initiation mode is again microvoeid coalescence; however,
the zone extends a little further than in the previous
case,
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Figure 3.47:
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(b) 50X

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).



Figure 3.48.
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(a) 20%

(b) 200X

SEM micrographs of as—quenched samples austenitized

at 1200°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.



Figure 3.49.
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(a) 20X

(®) 200%

Same as Figure 3.48 ewxcept it has a notch root radius

of .10 inch. (&) 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: - rarly investiga-

tions have reported (62,63) thar the elastic strain energv release rate

is relativelyv insensitive to tip-root radius in the range from a mathe-

matical 'sharp' crack to macroscopic root radii. This is also expected

. .1 ,
from Irwin's formula (64) K = lim > 0 (ﬂo)l/z_ wvhere 0 = maximum
m m
0 =2
stress at the notch, p = notch root radius. In thie relationshio K will

become insensitive to root radius, whenever, o 1is inversely proportional

to o1/2.

However, present data and other experimental fracture data show
that this is not always the case. TFracture toughness values can be
sienificantly lower for a fatigue pre-cracked specimen than for a smail
but finite root radius specimen. (65) Malkin et al (68) found that the
apparent toughness increases with the square-root c¢f the root radius for
mild steel. Similar increases in toughmness with increase in root radius
have been observed by other investigators, namely Rack (68) in unaged
B-titanium allov, Mvers,et al.(67) in monocrystalline silicon, Ritchi

et al. (2) in 4340 gquenched and tempered steel. The theoretical relation-

ships of fracture toughness with notch root radivs also predict an in-

crease in fracture toughness value with increase in root radius.

The longitudinal stress distribution ahead of a blunt notch of

(37)

radius p is given by slip-line field theory

a =0, [1 + In (1 + R/p)) (Eqn.4.1)

yv
4

The relative stress distribution ahead of blunt notches of differ-
ent root radii are shown in Fig. 4.1. 1t is observed that stresses

ahead of the notch are higher as the notch root radius decreases.
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RATIO OF LONGITUDINAL STRESS (oyy)
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Stress distribution ahead of blunt notches of various root radii
by slip -line field theory.
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(73) have calculated the negar-field notch tip
elliptical crack heving a 'small' root radius
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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 noteh-tip for root radii ranging from .004" to 0.1".

It is seen that the a, stresses ahead of the notch tip are quite similar
beyond a distance of .005" for different notch root radii. However, before
that distance, the stress increases as the notch root radius decreases.

The o, stress distribution ahead of the notch root similarly increases,

a5 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 c¢ritical strain model also,

it has been postulated bv many investigators (68,3) that toughness follows

a linear relation with the square root of notch-root radius.
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The results in this investigation, on the contrary, indicate
that thevre exists a critical notch root radius, above which the toughness
droms. Below that critical root radius, however, the toughness increases
with the ipcrease in notch root radius. The drop in toughness above the
critical notch root radius is associated with an intergranular 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 varving
root radii are shown in Figs. 4.4 i, 1i 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 TFigs. 4.5 a and b
the relative size of the intergranular region with respect to plastic
zone size 1s shown. Tt is seen that the intergranular zone is only a
fraction of the plastic zone size. Hence the plastic zone size does not
seem to plav a role at this anomaly of the toughness behavior. Also, as
stated earlier, the root radius at which this phenomenon occurs is
independent of the grain-size and hence grain-size also does not seem
to plav a role in this anomalous behavior. Recently Sih et al. (118-120)
have proposed a strain energv densgity theory for the initiation of a crack.

In this theory the total strain energy density S is defined as

du - 1—v2 [o 2 _ (Qv
da 2E X }-v

2 2 2
)OXG_V to, F G ] (4.3)

T
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N

N
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006"
(b)

K
Fig. 4.4 (1) Plastic zone size for sharp-carck for T = 0,25, The relative
grain sizes for both (2) low and (b) highY® austenitizing tempera-
tures are superimposed. Scale 100X
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(b)

My, 4.4 (ii) Plastic zone gize for a blunt notch of root radius ,01'" for PF/PGyz 0.7.
The relative grain-sizes for both (a) low and (b) high austenitizing tem-
peratures are superimposed. Scale 100X.
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- 09" -

(b)
Fig. 4.4 (iii) Plastic zone gize for a blunt notch of root radius .03" for
PF/PGY = 0,7. The relative grain-gizes for both (a) low and
(b) high austenitizing temperatures are superimpozed. Scale 100X.
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Fig. 4.5 .1) Relative fracture mode zones for a blunt notch of root radius .01",
The plastic zone size is superimposed. (a) for low grain-sgize
material, (b) for high grain-size material.
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(b)
notch of root radius .02".

Relative fracture mode zones for 2 blunt
The plastic zoné gize 18 auperirnposed, (a) for low grain size

Fig. 4.5 (i)
material, (b) for high grain—size material.
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Accerding to this theorv, fracture will cccur when S assumes a critical

value SC at 8 = SC . It also has been demonstrated (121) that for a mode

1 fracture, Gc = 0°, and is independent of neotch-root radius.

Greager and Paris's equations for a mode 1 stress distribution
for 6 = 0°, were used for calculating the strain-energv density function
in the present investigation and the strain energy densityv as a function
of the distance from the notch tip is shown in Fig. 4.6 for different
notch root radii. It is seen that just zhead of the notch, the strain
energy density for larger root radius is much higher than that for smaller
root radiuvs. In other words, if the critical strain energyv density is
applied to the initiation of fracture, the touchness 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 densitv 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

applicable.

Tt is a difficult question to answer why the fracture initiation
node is intergranular. The strain energy density theory is based on
a continuum mechanics approach and does not consider microscepic aspects
of fracture. Therefore, this gquestion can be answered onlv in a quanita-

tive wav. In a recent paper on 'grain boundarv fragility' Hondrous and
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Variation of relative Sih energy density function ahead of the
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McLean (122) tried to explain the grain boundarv cexohesion, which mav

be caused by impurity segregation, particle/matrix interaction, stress
svstem 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 radiuvs: 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 locallv magnified
a great deal. To plastic polycrystals the largest stress magnificatiouns
occur at the heads of slip bands. 4&ccording to Hondrous and McLean, in
order for the intergranular fracture to occur two conditions have to be

met

g >0 Condition 1
(4.4)

o /1t >c /1 Condition 2
¢ e m

where 9. is the maximum tensile component of the stress concentration
and 6 1is the cohesive strength of the metal. TC = shear component of
m

the stress concentration Tm = shear resistance of the material.

In this model, even though the first requirement is easily satis-
fied, the second requirement i1s not, when a single slip band model is
considered. When a double slip band is considered, (shown in Fig. 4.7)
T. is considerably decreased, making the second condition easier to

satisfy. Hence it may seem plausible that after a critical root radius
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is reached double or multiple slip bands operate just ahead of the notch,
reducing T Thus, both the requirements are satisfied, thereby making
intergranular fracture opossible. Dislocation movemeat, it may be noted,
is strongly temperature and strain-rate dependent and that is whyv 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 Behavicr 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 apoarent 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-cuenched condition has been related to
higher limiting root radiué (oo, which has been hvpothesized to be equal

) (2,3)

%
to the prior austenite grain size) and lower fracture stress (o ¢

It must be borne in mind that the limitipe root radius 1s a
fictitious root radius, which has been introduced to satisfy the result
for vre-cracked condition, since the model predicts a zero touchness 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 priocr 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 250u (or .010"), toughness should

remain constant from 'sharp' crack to about .010" root radius. The results,
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in this investipation, replotted in Fips. 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
(shown in Fig. 4.10) has been discussed quite extensivelv, (123,124)., The
salient points are (1) the maximum stress intensification ahead of a
"sharp' crack occurs verv close to the crack tip. This distance from
the crack tip is given bv 26 = KZ/E%,S and for a K = 50 ksiJEB and

C
o] = 200 ksi, 25t = .0005 4inch (2) the maximum stress intensification

Ys
ahead of blunt notch occurs at the plastic/elastic interface (slip-line
field theoryv) 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 Jjoin
the main group of dislocations {(schematically shown in Figs. 4.11 and
4.12). Trom 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 graln boundaries to join the
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Fig. 4.10 (a). Distribution of normal stress as a2 function of position ahead of an
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main crack: but, ten times fewer arain boundaries for high austenitizing
temperature than for low austenitizing temperature. Grain boundaries
are natural obstacles for the propagaticn of dislocation and an inverse
of square root of grain-size relationshin has been obtained for both
yield stress and fracture stress (125, 126). Hence, based on the same
areument, if the fracture stress to create a source of dislocation for

.

the initiation of crack is taken as cf, the actual fracture stress Te wil
be

a =g (for pre-cracked condition)
(4.

: ! ~1/2 (for blunt 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 tec the square root of the grain size.
Also in the blunt notch condition, the fracture stress is alwavs 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 notechn toughness between high temperature and low temperature
austenitizing —-reatment of 4340 steel can be resolved. TFor the high

e

austenitizing treatment of 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

-

5)
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condition the fracture screcs, :f is hieher. tHowever., for the same
%
heat-treatment in the blunt noteh condition, even though of is higher,
. ) . ) -1/2 .s i
the second term is considerably lower, (i.e. kd ) leading to lower frac-

ture stress ¢ _. Thus in Charpyv testing which has a2 blunt notch the lower

K )
austenitizing temmerature nrodvces & higher touchness because of smaller
grain size. Also, the hichest toushness for a hlunt notch will be obtained

when both ¢ is bigh and the grvain size is small, i.e. for a 4340 steel

=
I3

which has been austenitized at 870°C and subsequentlv tempered at 175°C

leading cto fine precipitates of e-carbide. The variation of fracture

toughness with notch root radius for this heat-treatment is shown in Fig.4.13.
X

and the blunt notch toughness will be lowest when both of is low and grain

size is high, i.e. for a 1200°C - 870°C step quench treatment. Here the

grain size is the same as that for the direct cuench for 1200°C. Fig. 4.13

shows the toughness as a funcrien of root radius for this treatment (the

870°C and 1200°C treated results are also shown). Thus the above discussion

explains the touechness behavior observed for both sharp crack and blunt

notch testing conditions for a variety of heat-treatments.

4.3 The Effectof Microstructure on the Toughness: - The effect of

microstructures on mechanical propérties has been studied bv material
scientists for many years. This investigation studied the key aspects of
microstructural features of high temperature austenitization of 4340 sreel
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 greoups; (a) the effect of bainitic heat-treatment on the tough-

ness, (b) the effect of martensitic heat-treatment on the touzhness.
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4.3.1 The Iffect of Bainitic Heat Treatment on the Toughress

The mechanism of bainite formation, even though postu-
lated as long as 40 vears ago, still is a2 matter of controversy, and has
been summarized in a recent debate. (127). While it has been accepted
that bainite is a two-phase structure of ferrite and —carbide and that
carbice is within the ferrite lath in lower bainite and at the ferrite
lath boundaries in upper bainite, the mechanism of formation c¢f such struc-
tures has not been agreed upon. While the growth of the ferritic com-
ponent of bainite is usually attributed to a sheay mechanism (127), Kinsman
and Aaronson (127) proposed a ledee mechanism involving diffusion. Also,
as for the source of bainitic carbide precipitation, Heheman (127) postu-
lated an invariant metastable eutectoic reaction v g&a + e-carbide,which
later charges 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. Tt seems that both
the mechanisms may be operative at two extremes of lower and upper bainite.
In Lower bainite the carbon mav be taken into the ferrire 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. (shown in 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 ia Sec. 3.1.3, the bainitic treatment from a
1200°C austenitizing treatment does not produce high toughness. Two facts
are important, when the steel is austenitized at 1200°C, instead of the
conventional 870°C, i.e. (2) higher Ms temperature, () higher prior
austenite grain size. Higher Ms temperature also indicates higher diffu-
sion of carbon at the bainitic holding temperature which is helpful for
the growth of bainitic vlates. The size of the bainitic plate depends
on structural dinhcmogeneity such as the grain boundary or another bainite
plate which will halt its growth. Tt is them not unreasonable to assume
that both these factors combine to give a large bainitic ferrice size. As
stated earlier, a large bainitic ferrite size is detrimental to strength
and hence the poor toughness bv the bainitic treatment from a high austenitiz-

ing temperature can thus be attributed to a large bainitic ferrite size.

43.2. The Effect of Martensitic Heat Treatment (as Quenched

and Quenched and Tempered) on the Toughness

In pre-cracked fracture toughness and Charpv specimens,
it has been shown that 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). Bowever, in the pre-cracked condition, the
stress distribution is the same, independent of heat treatment the sneci-

mens has undergone. Hence, the toughness difference in the as-quenched
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condition between the 870°C and 1200°C austenitizing treatments are due

to essential microstructural differences.

The fracture toughness variatien of this and other allowvs
given similar heat-treatment has been variocuslv correlated with the
amount of reraired gustenite, the extent of twinning, segregation of trace
elements and e¢rain size. Transmission electron microscopv results (1)
have documented the presence of more retained austenite and verv few twins
in the 1200°C austenitizing treatment compared to extensive twinning and
less retained austenite in the 870°C 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 shown that there was
no segregation above a austenitizing temperature of 1100°C (130,131); how-
ever, recent studies have detected the segregation of P and N at high
austenitizing temperatures (132), and segregation of P at 1300°C (133).
High temperature austenitization alwavs produces a grain-size which is
orie order higher than that in the conventional austenitizing treatment

(i.e. 250 um against 25 um).

With resvect to time temperature transformation diagrams
from low and high austenitizing temperatures the two most noticeable
features are (a) higher Ms temperature for hicher austenitizing tempera-
ture, (V) 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 temverature (To), (b) the strain
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and surface energy of nucleation (?N) and the existence of sites forv

L
heterogeneous nucleation, i.e. grain boundaries, (c) the stress which
has to be overcuome ro shear the ausrenite into martensite recuires addi-

tional energv (if heterogeneous nucleii are available )FT.

The energy needed for the start of martensite formation

g +T
AT > FN 7

ar T

This corresponds to an undercooling

Asa is the transformation entrooy and the difference in specific heats

is neglected.

Righer Ms temperatures mean lower AT and hence either
lower value of the combined term (FN + FT) or higher value of Asur' Hieh
austenitizing temperature gives higher grain size or lower grain boundarv
areas. Hence, FN will be lower. Similarly FT will also be lower for high
austenitizing treatment, since it produces mostly dislocated martensite
in the as-quenched state in contrast to twinned martensite in the con-

ventionally treated specimen (1), As&\ mav also be higher, because trans-
T )

formation takes place at a higher tempersture.

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) ané low (<723°C) temperatures are v-iron with carbon in solid
solution and ¢-iron and graphite respectivelv. However, at low temnera-
tures carbon forms z metastable compound cementite (FeBC) which for all
practical purposes can be taken as the stable phase. When austenite is
transformed intec martensite, carbon atoms which are in solid solution in
v-Fe and randomlv distributed, first segregate to the lower enerev dis-
location sites. As the tempering proceeds, the first phase to precipitate
is z-carbide, which forms along <100>u with a definite orientation rela-
tionship. At still higher tempering temperatures cementite begins to
precipitate. Also the transition from e-carbide to cementite does not
occur in situ. Thevrefore, the important point above 1s that even though
cementite is the final phase, the process goes from carbon in dislocation
sites to clustering of carbon atoms to precipitation of e-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 (3a) 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,
(¢} evidence of e~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 mayv contribute to the observed
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variatior in teouzhness behavior. The other two important microstructural
features in as-auenched condition for the twe heat treatments are revorted
to be (' more vetained austenite, () less twins (1) for the higher

austenitizine treatment. However, it was stated earlier, retained
austenite measurement by an X-rav technique (3) for both the treatments
hes nroduced identical results for the two heat-treatrments. As discussed

before, abgsence of twins mav be closelv related to higher Ms temperature

and censequent carbon segregation leadine to £-carbon precipitation.

¢-carbide precipitation in the martensite lath is con-
sistent with tne microvoid coalescence fracture morphology of high tem-
perature sustenitized as auenched sample, (117,137). Initiation of the
void takes place at the carbide/matrix interface, which grows on subse-
guent loading and finallyv when the cecalescence of the microvoid takes
place, fracture occurs. 1In contrast, the fracture morphologv of conven-
tional temperature austenitized, as—-quenched sample, is quasi-cleavage,
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 <c-carbide particles also explains the high fracture

toughness for the high temperature austenitized as-quenched sample.

Finally, as will be seen shortlv, that the entire process
of carbon redistribution is accelerated by high temperature austenitiza-
tion, is also reflected bv the tempering behavior of such steels. A con-
sistent drop in toughness bv all fracture tests was observed for the high

temperature austenitizing treatment for a tempering temperature of as low



as 225°C, whieh is con-ommitant with the precipitation of cementite.

While tempered martersits embrittlement has been a subject of many in-
vestivations (138,139) in recent years, the present results differs
significantly from all reported literature, Firstly, the decrease in
toughness value bv a1l methods of testing is considerably higher. Secondly,
tempered movtensite embrittlement (TME) is normallv characterized bv
transyranular fracture (138,139) while the present results show an entirely
intergranular brittle fracture. Thirdlv, destabilization of retained
zustenite (138,139) cornstitutes a major mechanism of TME, 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 variocusly 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 asustenitized at 1200°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 embrittiement treztment in high temperature
austenitization was the same and cannot be responsible for the observed
behavior. The exact rcle of retained austenite and the amount present has
been elusive, since the amounts present are small and accurate analysis

difficult. Transmission electron microscopyv results have well documented
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the presence of retained austenite after a 1200°C austenitizing treat-

ment ‘1). These studies have also shown a noticeable lack of retained
austenite after the conventional 870°C treacment. Magnetic measurements (3)
of the amount of retained austenite on the orther hand have indicated

that the stabilitv was apparentlv the same whether in the as-guenched or

in the tempered condition. Collectivelv, the past results as well as the
present studv indicate that the presence, distribution and stabilicty of
rerained austenite in samples austenitized at 1200°C does not control the
variation in fracture properties, when tempered at these low tempering

temperarures.

The present resultsindicare that cementite precipitation
is a necessary condition for the onset of tempered martensite embrittle-
ment. The fact that the addition of silicorn (20) increases the embrittle-
ment tempering temperature range {(for 300M austenitization at 1200°C)
sugeests that the mechanism for TME is one of cementite precipitation.
However, cementite precipitation azlone 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 boundarv alone.

Impurity segregation of trace elements such as S, P,N or even substitutional
elements like Cr, Mn, etc. in conjunction with cementite precipitation
near the prior austenite grain boundaries has been proposed bv several
workers to explain the change in fracture mode (132, 140, 141). Segregation
of P after precipitation of cementite was also proposed bv some (142).

Earlier investigaticens (130, 131) showed that no segregation occurs bevond



154

an austenitizing temperacture of 1100°C. However, recent investications
(132) have indicated segregation of P and \ at 1160°C and segregation of P
at 1300°C (133). The present results tend to support the segregation of
impurities at the austenitizing temperature. Since the embrittlement is
absent in high puritv steels, it seems plausible that the impuritv effects
are inhérited from the austenite and the cementite precipitation triggers
the embrittlement by provicding additional sliv barrier at the already
impuritv-weakened boundaries. That also explains whyv the fracture is
intergranular. In summarv, segregation at the prior austenite grain
boundery and the cementite precipitation during tempering lead to the above

embrittlement.
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5. SIAMMARY AND CONCLUSIONS

High temperature austenitization of low allov high strenpth steel
1ike 4330 has been of considerable interesc in recent vears. The objec-

tive of

such modification is to achieve 2 high toughness while maintain-
ing the same level of vield strength. The present investigation studied

different aspects of high temperature austenitizatiocn cof 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 beenr 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 a2lsc at room and liquid nitrogen temperatures.
In the secend phase, tempering behavior of 4340 steel after hich tem-
perature austenitization has been studied, since tempering in general,
renders still higher toughness. 1In 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

noctch-root radius. The drop in touphness is also associated with an
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intergranular fracture initiation mode. The critical root radius, at which
such phenomena occurs, 1s strain-rate and temperature dependent but in-
devendent of prior austenitic grain size. It is also incdeperdent of the

plastic zone size.

2. The initial increase in toughness with increasing notch
root radius up to the critical root radius is consistent with a critical
stress or strain model: the critical strain-energy densitv fracture
criterion is applicable bevond the critical notch rcot radius, when the
toughness drops. The intergranvlar fracture mode may be possible due to

double slip bards operating azhead of the notch-root.

3. In pre-cracked specimens, i.e. slow-bend Charov, instru-
mented Charpy and fracture toughness tests the high temperature austenitiza-
tior alwavs produced a higher toughness than did the conventional
austenitization temverature 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 alsoc associated
with a microvoid coalescence fracture initiation mode. It is believed
that e-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 Charpyv noteh root radius, the conventional

austenitization temperature nroduced a slipghtly better toughness in
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as-quenched condition and significantlv hetter touchness as the tempering
temperature was increased. The improvement of bhlunt notch toughness for
the conventionallv treated 4340 stecl is attributed to fine austenitic

grain size.

5. The tempering behavior of 4340 steel, which has been
auvstenitized at high temperature (1200°C) and subsequentlv oil-guenched,
showed that ¢gughness increased from as-quenched condition up to a tem-—
pering temperature of abour 200°C, however, there was a drop in toushness
for a tempering temperature as low as 225°C. On the other hand, there
was no such drop in toughness in cimilar tempering temperature racge for
a 4340 steel, which had been austenitized at & conventional temperature

(870°C). The 'temper embrittlement’' was also associsted with an inter-

granular fracture failure mode. It is believed that prior austenitic grain

boundary segregation cnupled with cemenrite precipitatinn during temper-—

ing has triggered the above embrittlement.

6. The limited bainitic heat-treatments from high tem-
perature austepitization studied in this investigation resulted in lower
fracture toughness or tensile strength than that obtained from direct
guench. The poor mechanical properties produced by such heat treatments

are attributed to large bainitic ferrite grain size.
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APPENDIX

The avprendix is provided for those readers who mav be uniamiliar
with certain technical terms used in the main text. However, it mav be
worthwhile to review the macroscopic (i.e. toughness testine) and the
microsconic asvects of fracture. Current models regardinz effect of
notch-root radius on the toughnesshave alsc been described in details.
This has been considered necessarv for the anomalous toughness behavicr
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-

sconic asmects of fracture.

ALl Microstructure of Steel - Steel has a large number of microstruc-

tural constituents namely pearlite (coarse, fine, divorced, etc.), carbide
(e-carbide, Hagg carbide, cementite, etc.), ferrite (a-ferrite, &-ferrite),
martensite, (lath, plate), bainite (uppner and lower), to name a few; how-
ever from a strength and toughness viewncint, two constituents (as far as
this investigation is concerned) are important, i.e., martensite and bainite.

Hence, onlv these two will be described brieflv in the following sections.

A.1.1. Martemsite - The name martensite was orieginallv proposed
by Osmon in 1895 in honor of the German metallureist, Adolph Martens (22),
to describe the microstructure found in hardened steels. Martensite is

best described bv a time-tremperature-transformation diagram (ITT diaeram)
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ané Fig. A.l describes such a diagram for a .87 C steel (28). Martensite
will be produced when the pavent austenite is cooled at a rate faster

than the critical cooling rate to avoid the nose of the TTT diaaram.

Martensite transformation has manv characteristics (22-27),
notable amone which are (&) that it is a diffusionless transformation,
(b) wlate-like volume transform with the speed of sound as the temperature
is fallinag below the Ms (MS is the hichest temperature for the first
martensitic nucleus to form), f(c) that it generally does not form while
the temperature is held constant, (d) martensite is highlv strained because
of super-saturation of carbon and (27 trhat the nroduct has definite
crvstallographic habit and lattice orientation relationshio with respect
to the parent phase. Based on the lattice correspondence cf 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: (2) Bain distortion of the corres-
pondence lattice, (b)Y inhomosenecus shear deformation by either slip or

twin, {¢) a rotation of the lattice, although not in seaquential order.

The strenpth of martensite primarily devends on two factors (26),
(8) high densitv 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 bproduct formed, if the steel is
held above MS and allowed to transform (see Fig. A.1). The mechanism of

bainite formation is still controversial, even 40 vears after its discovery.
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However, bainite has been found to provide good mechanical prosvects in
terms of tensile strength, impact transition temperature and ductilitv.
The factors that have been acreed to characterize bhainite (15,16,29-31),

are:

1. The volume transformed, X vs time follows nuclegtion and
erowth tvpe kinetics in that X initiallv rises slowlv but at an ever

increasing rate, and then finallv levels off to its final value.

2, The product always censists 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. TIf 3 piece of austenite with an initially smooth surface is partially

transformed, the bainite plates give relief markings when thev form.

A.2. Toughness Testing - There are essentiallyv five reasons (32) why

toughness tests are carried out to evaluate a material's resistance to

fracrure:

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
sartlcular apolication (i.e. is material A more 'brittle’ than material
¥7).

3. For qualitv control tests by the materials producer.

4. For analvsis of failures that have occurred in service.

5. To cbrain data that can be directlv used for desien pur-
poses (i.e. maximum working stress, minimum operating temperatures,

service lifetime).

There are manv toughness tests such as the Charpv V-notch test,
Izod test, tensile test, drop-weight test, etc. But the Charov V-notch
test is most popular because it is inexpensive, easv to carry out and
consumes a nominal amount of material. FEssentially 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 toughness testing (33) have
come into practice and the ecsence 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 will take place. As the above two tests were used in this investi-

cation for toughness evaluation, the relevant information on them is pro-

vided next.

A.2.1 Fracture of Charpv V-Notch Scecimens - 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). 71t has been used extensively
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by metallurecists to studv the fracture properties of materials, and
manv engineering safetv codes including nuclear applicarions are based

on Charpyv specimens.

The specimen is broken under the hammering action of a pencdulum
in three-point bend loading and the energv absorbed in breaking the speci-
men 1s known as the tgushness. This is the standard ASTM test as per

E-23, Part 31, 1969.

The results from standard Charpny impact tests cannot be directly
correlated with tests designed from fracture mechanics principles. Hence,
various Charpv tests have been develoved recently, notably among which
are the instrumented Charvy 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, derending on the
nature of the test. 8Since thesc specimens have become the common tvpe
used for fracture testing, thev have been studied in detail. Deformation
and fracture of Charov specimens have been quantitativelv analyzed by
several people (34-36). However, no ASTM Standards are in existence for

svch tests.

A.2.1.1 General VYield load - During loading of a Charpv tvpe

specimen a small region below the notch starts to vield 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 followine ecuation (37):
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I

b r R

i c =7 1 +1n (1 + )] A-1
8 Tv S o]

t A )

¢ where .. = Leneitudinal stress in the y-direction o =

16 v ; :

i Yield strenczch R = Distance from the notch-root

= Notcech root radius

On furcther loading, the flow pattern develops into plastic hinges

(Fig. A.2) which spread across the specimen ligament at general vield load
PGY' At this load the entire section of the specimen is plastically de-
formed. PGY is dependent on the geometvv and is prooortional to the
tensile vield strength of the material. Since vield strength is strain
rate dependent so is PGY' The relation between yield strength and the
general vield load has been given bv Green and Hundv (34), for pre-cracked

and also as a function of noteh root radius.

Assuming Tresca's (38) criteria (Ovs = 2k), k = shear vield

strength, the relationship for standard Charpy mav be expressed as

P
Gy
— = A,
D) 0.242 o, 2

where B is the specimen thickness, W is the specimen width, a2 is the

crack length (notch denth).

For a pre-cracked Charpy specimen the flank anele is cleose to

zerc and ecuation A.2 becomes (34)
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The root radius of the notch has a very small effect on these
relaticnships, as shown experimeutally (ref. Fig. A.3) which shows that
| the general vield load is independent o the yoot radius of Charoy speci-

mens. This result has been also observed by Wilshaw, etal (39).

A,2.1.2  Dvnamic Fracture Toughness from Instrumented Charpy Test:

As stated earlier, the results irom standard Charpy impact tests cannot
be directly used in fracture mechanics equations. However, by instru-
menting the tup of the Charpy hammer with strain gages, load-time informa-
tion cap be obtained. which makes it possible to determine the dvnamic

fracture toughness, X (40-45). An idealized load-time record is shown

1d

in Fig. A.4. Fracture toughness calculations according to linear elastic

fracture mechanics principles (46) are made by the following relations:

1.5 YL (PM) 1/2
K = ———»  a A4
0 RW ‘ ’
where
W = width. L = length. B = thickness. a = notch deoth
2 3 o 4
¥y = 1.93-3.07(a/w) + 14.53(a/w)” =25.11(Ca/w)~ + (25.8) (a/w) ,

and PM is the anplied 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:

Koo= 3877 () a'/? A5

ID
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where KID is measured in units of osi—inl/z, P, in uvnits of 1lbs and a in
units of inches.

The instrumented Charpv test can also pradict fracture toughness
after general vield load, although there is considerablyv controversv re-
parding the calculations of a meaningful fracture toughness value based
on data derived from a specimen which fractures afrer general vielding in
anv type of testing. The various methods (42) that can be used for frac-
ture toughness calculations are () maximum load method, () equivalent

energv approach, (c¢) ecuivalent strain emersv release rate, (d) crack

opening disolacement, (& J-integral method.

A, 2.2 Linear Elastic Fracture Touchness Test: The fracture

toughness testing 1is the outcome of fracture mechanics aoproach, first
initiated by Griffith (47). 1In order to avoid the discrepancy between the
theoretical cohesive strength and the actual fracture strength (which is
alwavs less), Grif{fith assumed the existence of inherent defects in the
material and the crack will grow when the decrease of elastic energv just

balances the increase of surface energyv. His results are shown as

ZE'YS 1/2
o = [ P 1 for plane stress
A.6
ZE\{S 1/2
g = [ — ] for plane strain
(1-uv)ma
E = Young's modulus, «(s = surface energyv v = Poisson's ratio

fracture stress

[a%)
i

crack length o
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The Griffith equation as it stands is not directly aoplicable to

the fracture of structural metals. For brittle fracture, in which the

~

extent of yielding at the point of instabilitv is substantially smalie
the width of the specimens, the fracture stress is proportional to
-1/2 . R .

(a) . Hovever, 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 donme as the crack grows.

E(2\’S+Y Yoo1/2

Thus c = | D 1 for plane stress A7

wherejvD is a plastic work term. Sincey 1s much greater than Ys’ the
p

latter can be neglected, and hence

F Yy 1/2
{ — ] A8

Q
I

Toughness, as envisaged by Griffith is the rate of release of elastic
energy with respect to crack lengths, and is svmbolized bv G. The elastic
energy of a specimen containing a crack of length a and subjecr to a tensile

stress 0, 1in plane strain is given as

W= % 02 (1—02) ﬂ32/E
A9
dw 2 2
Hence C. = — =qg" (1-v") mal/E.

I da
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Another definition for toughness has been envisaged by Irwin

8 and co-workers (50-31) as the stress-intensitv factor, wnich is defined as
1/2

it = £ (=2) fer a mede 1 load containine a crack leneth 23 in en infinitelv

wide specimen. The K pavemeter sometimes produces confusion because it's

. . . S/Q _ .

cimersions of stress ( length)are not commonly encountered in other phvsical

or~tlae. It shoull be emphasized that it is a facter which characrerizes

the intensitv of the stress field ahead of a crack. For a mode 1 loading

S

(2s depicted belew) the stresses fcor a srress intensity factor K. are

RS e e

B R A, S

¥

& © - oein & aip 2
o = 7 <o 3 - sin 5 sin 3*']
{(271)

g = RI cos & [1 4+ sin = sin il ]

’ 2 b 2

v (qu)l/_ 2 2 2
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KI 4 A

T = —_ sin < cos 5 COSs ——
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1/2
By substituting X = o (5a)in A.9 we can obtain GI in terms of stress

intensityv.
e
2 1—")’_
= 2
I (i-uv™)

The criterion for unstable crack growth in plane strain in terms of G

from A.6 is

G = A f A
Tc (p OrYS << rp
and in terms of the stress intensitv is
| e 1/2
1C
Ko = 3 A.11
1-v

Thus both elastic energv release rate approach and the stress

intensityv 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 matexrial. At
fracture, the stress intensity factor reaches a critical KIc’ 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)

2
[ %)
R - _%_ '%-.—IC ! A.12
\
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Equation A.12 indicates that the tougher the material, the

larper is the critical plastic zone size shead 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
K 2
Ic

o
vs

3. 2.5

For materlals in which failure occurs with an extensive vlastic
zone, the plastic deformation at the crack tip would be larege enough to
invalidate the linear elastic fracture mechanics analvsis. Under such
conditions, the crack opening displacement, (COD), has been used in study-
ing the fracture (Fig. A.5). Durine loaéding the crack faces move awav
from one another and produce a disolacement at the crack tip normal to
the crack plane which is called the ''crack tip ovening displacement'' (COD).
A schematic picture of crack opening displacement is given in Fie. A.S5.

The fracture criterion can be written such that the crack advances when
the crack tip opening displacement reaches a critical value (COD)C. There

are several analvtic treatments relating COD to the stress intensity

factor (52-58). For plane strain it can be given bv
N Ao E (COD)
T J— 5.13
(1-v7)

when Gy is the vield strength, £ is the Young's modulus, v is Poisson's

ratio and A= constant > 1,



Fig. A.5

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 notceh root contrzction (NRC) (59).
Empirical relation relating NRC to COD can be determined, which allow
NRC to be used as a measure of toughmess. Tor cases where fracture occurs
after general vield, NRC is a useful parameter to predict fracture tough-
ness. Howeveyr, all these tcughness measurements a%e apparent toughness

in the absence of a valid KIC test.

A.2.3 Comparison of Fracture Toughness Test and Charpv V-Notch Test -

As stated earlier, in Charpv testing a specimen of specified dimensions is
broken under the impact action of a swineing pendulum and the energv 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, propagatien, 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 energyv
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energy tear mode (1) (see Fig. A.6), such relations will be of little
sigrnificance. Anothe: factor for not adhering to such relationship in this
investiecation is that such statistical relationships are valid onlv for
the steels in aquestion. Also for 4340 steel significant microstructural
changes mav not be detected bv Charov test because of the low-energyv tear
mode type of fracture and to start with the energv absorbed value is verv
i>e (14-15 ft-1hs). Hence, in order to compare between Charpv and frac-—
ture toughness rest it is necessarv to measure the resistance to fracrture
inicistion in the Charpy specimen as is done in the fracture toughness
specimen either in slow-bend or instrumented Charpy test: the toughness
thus obtained in Charpv specimen is known as 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 Charov type

spvecimens of small thickness closely resemble fracture toughmness specimens.

In addition, there are three other important differences in these
two test methods, namely (&) strain rate; the strain rate in Charpy test-

ing is 5-6 orders higher than in K testing. However, in slow-bend

Ic

Charpy testing, the strain rate can be approximated to K_ testing, ()

Ic
method of loading, i.e. the Charpy loading is three-point bend loading

and fracture toughness testinge 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 radiuvs, i.e. the fracture teoughness specimens con-
tain a fatigue pre-crack, whereas the standard Charpv specimens contains
a V-notch, bhaving a root radius of 0.01 Inch. This difference can be

eliminated by pre-cracking the Charpv specimen before testing or having

a fracture toushness specimen of root radius .01" without resorting to

fatigue ore-cracking. However, bv resorting to the second method, the

test is not a valid ASTM fracture toughness test as ASTM-E-39C.

A3 The Effect of Norch-Root Radius on the Toughness - It has been

reported (62,63) that the elastic strain energy release rate is relativelv
insensitive to tip root-radius in the range from a mathematical 'sharp'
crack to some finite root radii. This is also exrected from Iywin's

. .1 1/2 .
analvsis (64) K = Linm w-om(ﬂo) / , where o = maximum stress at the notch,
T m

2
[&F 2 9]
o = notch root radius. In this relationshio K will become insensitive to
. . , 1/2 .
root radius whenever o is inversely proportional to p . However, experi-

mental fracture data have shown that rhis is not alwavs 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 B-titanium allovs, Mvers (67), et al. in monocrvstal-
line silicon, and Ritchi (2), ip quenched and tempered 4340 steel. Differ-
ent theoretical models bave been proposed bv 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, subiected to bending,
*

equals a stress 0., the 'microscopic cleavage stress', fracture will occur.

This model employs the stresses in the plastic zone from slip-line field

theorv and the extent of plastic zone is estimated from fracture mechanics

principles.

The longitudinal stresses along the net section within the vlastic

R
zone (R < r) is given bv slip line field theory (37)oyv=ovf1+1n(1+;)]

J

where o= root radius of the notch. The maximum longitudinal stress (o )

vy max

o] =g |1+ 1In (1 + E) ] A.l4
vy 'max 'y P

so that (o V)maY increases with increasing nlastic zone size. The stress
distribution as a function of the distance from the notch yoot is given in

fig. A.7 for different notch root radii. The size of plastic zone is given

by

where 8; is replaced by 1.68 O, the averase contained value of oy in the

plastic zone for plane strain. Combining eduns. 1.14 and 1.15

x
a

yo_ _
KIc(o) = 2,89 Oy [exp (E;- 1y -17 ¢

1/2 416

Since for sharp crack peo, X (o)wo0. Hence for a sharp crack, the

Ic

equation is modified to include

S ¢ A .
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where by = limiting 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 sgquare rcot of notch-

root radius.

A.3.2 Critical Strain Medel - In contrast to the previous stress-
centrolled model, this model 68 ) predicts that fracture will occur when
the strain ahead of the crack-tip reaches a critical valuve. Critical strain
leads to initiation of void at the particle/matrix interface, which sub- .
sequently coalescences, leading to what is known as 'microvoid coalescence'.
Particle mav be a2n inclusion or a second phase particle. The distribution ;

ahead of crack tip is given by
£ = — A.18

where F is a function of root radius and 6 is the bend angle of the sveci-
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) = ax9, where a is the notch depth. The region at the notch tip
can be treated as a 'miniature tensile specimen' of gage length 2p. It

follows that

2V (C)

20 €(c), where e{c) is the strain at the crack tip.

I

ot e(c)
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Thus, there is a finite strain at the notch recot. 1In order to
compare the above two eguations, Tetelman and Vilshaw assumed that the

X
strain 1s constanrt over a distance R from the notch root. Hence

_ VR _
g(R) = R A-20

Using the Dugdale-Barenblatt model (33), the following relation is

obtained:

T
v(C) = g— —Ez-'r, where 5& = 1.68 a, A-21

for plane strain, & 1 = plastic zone size.

Combining equations A-20 and A-21

% ]
. 4R v
e(R) = T R * F o}
* 1.68a 2
_ 4R y 12, K
or e(R) = = R ( T )y ( A ) (Ov)

Rupture should occur when ¢ at re reaches critical value €F(re).
This is reached when R = 2.25p according to Wilshaw (71). Substituting

results in

K, (0) = |t J o A-22

Thus in this model alsc the fracture toughness increases with the
square root of notch root radius. And, as before, 2z limiting root

radius e is vostulated for a sharp crack.
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A.3.3 Other Works on Relzationship of Toughness with Notch Root

Radius - The effect of notch root radius on toughness has been discussed
and a theoretical model based on a vlastic relaxation representation of
a crack has been proposed by Heald, Soink and Worthington (72). Their

results are shown as

\
/K !
(”a)l/_o _'{ : Ig \ 1/2 |
KA(O) -—-*—I%; %-magl [exA.8Uu a| ] + (%) A.23
[I+(o/ 2" 7] |

L

The derivative of K with respect top in this equation is posi-
A

tive, meaning therebv 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 a2 "swmall" root radius

o/a * (b/a)2 <<1 and for a mode 1, the stresses are as follows:

o KT [cos i {(1-sin o sin 36) o cos 36

: = e 2 22y 2 o8 22

: " omey L/ 2 2 2 7t 2

K

g _ 1 e I . | o 35

i 5, = — i [cos 5 (1 + sin 5 sin 5 )y + 5y Cos 3 ]

3 (27r)

ﬁ o= ——EE—— [si & £ cos 2 - % sip EE'-] A-24
SNV N2t Ty 2 :

For 6= 0 the variations of ox and ov with distance from the notch

root are piven in Fig. A-8 and Fig. A-9., respectivelyv. From this it is

e e T R 2

also apparent that fracture touchness should increase with increase in

notch root radius.
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An exvression for the fracture toughness ahead of a blunt notch

for strain controlled fracture (3) has been given as

3 1/2 1/2
Ky = G oy B ey o 4.25
where o = yield strength E = Young's modulus e, = critical strain at
v

fracture, ¢= notch root radius. For a sharp crack, o is replaced again
bv p = limiting root radius. This relation also predicts a linear rela-
T o

tion of toughness with notch-root radius.

Thus all the current theories predict an increase in toughness with

increase in notch root radius.

A4 Microscopic Aspects of Fracture - Fracture on a macroscopic scale

is normallv divided into two categories, (a) brittle fracture which
occurs without anv plastic deformation, (b) ductile fracture with a large

amount of plastic deformation.

A4l Brittle Fracture - Britrle fracture in metals occurs either

bv transgranular or intergranular cleavabe. Transgranular cleavage is
separation along one or more crystallogranhic planes and intergranular
cleavazse occurs along weaker grain boundaries. There is extensive,
experimental evidence that plastic deformation proceeds cleavage fracture.
Sensitive techniques such as strain gaces (74) and etch pitting (75) have
been used to detect plastic flow and thev confirm that microplastic de-
formation occurs prior to cleavace in iron and steel. The cleavage process

is postulated to involve three steps which will be discussed next.
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AV4.101 Piling up of Disleocations - In the first stage the dis-

locations are blocked bv an obstacle. Grain boundaries, twin bands,
second-phase particles, and sessile dislocations formed bv dislocation
reactions can all block the dislocation movement. When the pile-up is
formed, the stresses at its tip become progredsively more intense. Thus

it can produce the required stress for crack nucleation.

A.A4.1.2 Crack Nucleation - There are several mechanisms of crack

nucleation by dislocation pile-up. The simplest model involves a series
of edyse dislocations stopped at a grain boundary or by another s:irong
obstacle. Zener (76) sugeested 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.10. Cottrell (77) has proposed
another mechanism of crack nucleation by dislocation for b.c.c. metals. 1In
this model the two leading dislocatiens on two intersecting slip planes
will react to form a2 sessile dislocation which then serves as an obstacle
to the following dislocations. The dislocation reaction can be written
as

a /

o

) {111] + 30/2 [lllI—+—aO (001] A-26

where a is the lattice parameter. Microscopic studies (78, 79) have
revealed evidences of such sessile dislocations. On the other hand,

Stroh (80) has analvzed 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 boundory or obstacle

S S S S

Microcrack formation at the tip of a piled-up group of
edge dislocations.
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Another mechanism of crack nucleation is bv deformation twinning
in b.c.¢. metals. Such cracks have been observed ia many investiga-

tions (81-84). Cracks of this tvpe are formad at the function of twin

bards when the resclved normal stress on the cleavage plane is high.

A.4.1.3 Crack Prepagation - The length of a crack nucleus is of

e s s g

i

the order of a few micrometers. The firsc sten in crack provagation is
the initial erowth o0f the crack nucleus to a2 grain boundarv or another
obstacle. At this point the obstacle may or mav not be able to stop

the crack from growing. Under certain conditions a nucleated crack can

grow to final fracture provided that the elastic energyv released is suffi-

cient for both the energy of the new surfaces and also for all additicnal
fracture work. However, this is not alwavs the case. The unstable crack

could meet a tougher second ophase or a strong obstacle, and be stopped.

AT s A g

In that case, a substantiallv higher stress is regquired to restart the

crack.

A.4.1.4 Theoretical Treatments of Cleavage Strength - In calculating

the theorxetical 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 1Is also necessary to know
¥ which of the stages of the cleavage process (nucleation or crack growth)
is the most difficult one to carrv out. Quantitative analysis bv several
investigators has given the critical shear stress for cleavage (83-90)

1 Stroh (85) assumed that crack nucleation was the major obstacle and the

i critical change 1s given by
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T = ¢ — A.27

where G is the shear modulus, b is the Burger's vector and L is the lengcrh
of the slio band. Experimental results (91), particularly those con-
cerning the effect of superimposed hvdrostatic 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 likelv to be the

significant step.

For a polvervstalline material of grain size d, the crack growth

according to Cottrell's model, occurs at a tensile stress, Of when

o = _—m 4712 4.28

Where Yﬁ is the effective surface energy, kv is a parameter from
the Hall-Petch (94,95) relationship for the vield strength of polycrystal-

1line materials according to

6 =0 +x g 1/2 A.29
o] v

v

where 00 is the lattice friction stress and kv is a measure of the
pinning of dislocations. Ean. 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 cn this model can be given by
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Reiff and Haas (90) have recentlv applied Cottrell's model to the condi-
tion where the fracture of grain bourndarv carbides act as the crack

initiation. The result is given by

s.8 v ¢ /2
o Ty A.31

£ %727 /s d
where GO is the lattice friction stress. Yo as given in the above equa-
tion, is the work done near the tip of a cleavage crack that is provagat-
ing within the grain. Yo should be differentiated from Yp of the Irwin
formula (Eqn. A.7) in which Yp represents the plastic work done near the
tip of a propagating microcrack. Yokebari (89) has treated the problem

with consideration of plastic relaxation and the critical tensile stress is

given bv

2 2
% T kloo + Ta(l-u)y @ k300 ] A.32

where kl’ k2 and k3 are constants, and all the terms are as defined above.

Some of the unsatisfactorv features of the models mentioned above
are (a) the dislocations are assumed to be in static equilibrium, but they
actually reach their positions with finite speeds that are stronglv stress
dependent; (b) the strain rate effect is neglected, (¢) stress relaxation is
not treated explicitly, (d) the contribution of both cohesive strength and

stress relaxation appear together in the enerpy parameter v _, (e) no account
: m
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is taken of the effects of microstructure. Nevertheless, the final resulcs

of these models indicate that the cleavage strength is proportional to
YmG} 1/2

, where G is the shear modulus, Y 1is the effective surface energv
m

H

L
and L is the length of the slip band.

This implies that cleavage strength increases as the reguired work
for cleavage increases. Tt also indicates that a decrease in length of the
slin band should increase the cleavage strength. For this reason grain
refinement should increase resistance to cleavapge 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 energv 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 velocityv, 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 mav 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).
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AL4.2 Ducrile Fracture - In contrast to cleavage fracture,
ductile fracture occurs with a large amount of plastic deformation. It

involves three stages, (2) void nucleation by the fracture of inclusions

or second, phase particles or by their separation from tne matrix, (b)

growth cof the resulting veids while they are still widelv 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 guestions are open for investigation. The
most fundamental point concerning the mechanism of ductile fracture is

that it is dinitiated bv 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 provosed a criterion for void forma-
tion. They suggest that the eneryyv relief due to void formation must be
sufficient to produce the required surface energv to create the new free

surfaces.

[ 1/2

-
2

1
or o) = 5 A.33

void

°|

where o is the stress in the matrix, D is the diameter of the void, y is

the suriace energy. The value of v depends on the surface energv of the
, * . P

matrix vy, the surface energy of the particle (YP) and the interface

Al
enerav (ymD), such that the followine condition holds for interface de-

cohesion for particle fracture:
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o=y + oy -y for interface decohesicn

AL 34

v o= 2 v for particle fracture

Theoretical studies for the growth of nucleated voids have been
made bv’ several people (106-109). McClintock (110-111) cousideved uniformlv
spaced cvlindrical holes in a linearlv strain hardenable material under
simple shear with superimposed hvdrostatic tension. The rate of growth
of these holes depends on the two transverse components cf stress, <y
and SR the equivalent stress and strain, and on the strain hardening

exoonent n in the {low eguation.

(1-01) m _ ALRS

e = o e i —-

Sioh [(1=0) (g+o )/(23/{3)]

K

where m is a paramerer vhirh depends on the size and distance between
the holes. The criticism of rhis model is thar in the presence of a velzs-
tivelv rieid inclusion. free deformution of the voids is limited. Anocther

objection is that the model is two dimensional,

Qince the field of ductile fracture is complex and unexplored, it
has been a difficult task teo express a definite microscoric ¢riterien for
fracture. Criteria based on strain alone bave been propesed (111.112).
This criteria, although often satisfactory, cannot be penevrallv aoplicahle:

for example, Hoadson's (113) resuvlts indicate that the precess of vaid

formation requires critical stress, while the growth and coalescence of

voids depends on hvdrostatic stress and strain. A criterion that takes

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 asvects of ductile fracture.
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