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ABSTRACT
N -

—~The effect of austenitizing conditions on the anisotropic embrittlement
of electroslag remelted (ESR) 4340 skeel were studied. Increasing austenit-
izing temperature from 1550°F to 1750°F had little or no effect on the
strength and toughness of ESR melted 4340 steel. Decreasing the quench rate
from 1000°F per minute to 500°F per minute had no effect on the strength and
toughness. Decreasing the quench rate from 500°F per minute to 100°F per
minute had a significant effect on Charpy V-notch toughness. Lower Charpy
V-notch toughness associated with the quench rate of 100°F per minute was due
to the presence of bainite in the microstructure. The presence of bainite
had a small effect on slow bend fracture toughness. Plate anisotropy was

;fyery small in the plane of the plate (longitudinal versus transverse). Prop-
“ erties normal to the plane of the plate were affected drastically. Charpy

V-notch toughness was decreased as much as 56% over the values obtained in
the longitudinal direction. Reduction in area of the mild notch tensile
specimen was decreased as much as 64% in the through-thickness direction when
compared to the longitudinal direction. Inclusion clusters were primarily
alumina with some calcium present. In all the tests conducted, there was no
evidence for anisotropic embrittlement of this material (i.e., intergranular
fracture)._
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INTRODUCTION

Xx

Electroslag Remelted (ESR) processed, high hardness (55HRC) 4340 steel has

Ly been reported to exhibit superior ballistic properties for armor applications(l’z)-

} These benefits are primarily due to the low sulfide inclusion content resulting
!g from ESR processing. However, other studies have raised a concern of anisotropic
;‘ embrittlement* of this steel during heat treatment, particularly in the short

i: transverse orientation(3). To investigate the potential influences of heat
;E treatment on this embrittlement, a thorough study was undertaken. The study
3: investigated austenitizing temperatures of 1550, 1650 and 1750° F (843, 899,

. 954° C) and quenching rates of 100, 500 and 1000 °F/min. (56, 278, 555 "C/min.).
‘:ﬁ These levels were felt to reflect the full range of practices that may be used
FP in heat treating this steel., The influences of these heat treatments on the
;:. tensile, Charpy V-notch (CVN), impact toughness and KIc’ fracture toughness were
f? evaluated in the three major testing orientations for a one-half inch thick ESR
;; 4340 plate. Comprehensive metallographic evaluations also accompanied this
? testing, including extensive scanning electron microscopic (SEM) fractography.

? The benefits of ESR processing are often confirmed by a reduction in sulfur
;5 content to very low levels (less than 0.005 w/o). However, the reduction in
- overall inclusion content and morphology of the remaining inclusions also has a
%; beneficial effect on behavior(A’s). ESR processing involves remelting of a 4340
%§ steel electrode through a molten slag, which chemically and physically removes
&

’:j * Varying degrees of embrittlement depending on testing orientation.
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N the manganese sulfide and aluminum oxide inclusions that are present in con-

- ventionally produced steels. The molten steel is subsequently solidified in a
copper water-cooled mold. The cooling rates in the mold tend to promote

smaller, well dispersed inclusions, when compared to conventional ingot steel

>
‘E production. The remaining inclusions are also found to be calcium modified,
f when the refining slag contains Cao(s)- In particular, calcium aluminates are a
: primary inclusion found in ESR steels. Therefore in this study, to further
;z identify the potential variables influencing the toughness of ESR 4340 steels,
': the non-metallic inclusions found on the tensile, CVN and KIc fracture surfaces
> were characterized.
g To obtain specimens in the short transverse testing orientation, a novel
: cutting and welding of extension material was used prior to austenitizing and
E quenching of test plates. Although the hazards of quench cracking resulted in
. difficulty in obtaining specimens in all testing conditions, enough were suc-
f cessful to continue use of this procedure. These procedures will be discussed
in more detail in the following sections,
MATERIALS AND PROCEDURE
- An ingot of 4340 steel was electroslag remelted (ESR) to the chemistry
.l shown in Table 1. A portion of this ingot was rolled to 1/2 inch plate for
' evaluation. The variables of concern are the effect of austenitizing tempera-
3 ture, cooling rate during quenching and the plate anisotropy resulting from the
}E rolling process. Three austenitizing temperatures of 15500, 1650o and 17500 for
¥
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1 hour were used on the material. Specimens were coded 15, 16 and 17, respec-
tively. Nominal quench rates of 1000 F per minute (A), 500° F per minute (P)
and 10000 F per minute (W) were carried out on the material. 10000 F per minute
was achieved by quenching into water, 500o F per minute was achieved by cooling
in a controlled air jet and 100° F per minute was achieved by cooling in air.

Specimens were tempered between 340o F and 390o F for 1 hour to achieve
uniform hardness of approximately 55 HRC in all samples. Table 2 summarizes the
heat treating and shows the resulting hardness.

Standard* Charpy V-notch samples and standard* 0.252 tensile samples were
prepared and machined in the L-T** direction (L) and T~L** direction (T). Slow
bend fracture toughness specimens** were prepared in the L direction only.
Specimen blanks were prepared for testing in the short transverse direction by
welding 1/2 inch thick extensions normal to the surface of the plate and then
machining off the original plate excess. These blanks were then heat treated as
described above. After heat treating, the blanks were then used to prepare
standard CVN specimens with the notch oriented in the S-L (S) direction.

Fracture surfaces were examined using scanning electron microscope (SEM)
and analysis of inclusion was carried out using energy dispersive X-ray analysis

(EDXA).

* ASTM A370
** Per ASTM E399




RESULTS

‘Heat Treating and Microstructure

Table 2 exhibits the austenitizing temperature, quench rate, tempering
temperature and Rockwell C hardness of the materials examined. The microstruc-
tures of the 3 cooling rates are shown in Figures 1, 2 and 3 in the quenched and
tempered condition. For the W and P conditions the microstructures are 100%

martensite. The A condition resulted in small amounts of bainite in the sample.

It appears that the sample austenitized at 1650° F had approximately 10% bainite

while the samples austenitized at 1750o F and 15500 F had less than 7% bainite.

The bainite in Sample 16A was banded to a greater degree than in 15A and 17A.
The presence of a small amount of bainite when the cooling rate is 100° F

(6)

per minute is expected. Calculations of the critical cooling rate (CCR) for
100% martensite indicate that bainite can be expected for cooling rates less
than 200o F per minute.

Mechanical Properties

Table 3 presents the results of tensile tests, Charpy V-notch toughness at
ambient temperature (RT) and -400 F, and slow bend fracture toughness at RT.
The tensile test results for standard specimens oriented in the short transverse
direction (S) were invalid because the samples necked down in the weld region
giving low strength and ductility. No test samples were obtained for 15 PS, 16
PS, 16 WS, 17 PS and 17 WS conditions because quench cracks developed in the
sample blanks during heat treatment. Figure 4 compares yield strength and ten-
sile strength of L and T samples only. The yield strength of the slow cooled
samples (A) were significantly lower than the W or P samples. The effect of
cooling rate on tensile strength was comparatively less. The water quenched

samples (W) had the highest yield strengths.
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§: Weld faillures were experienced while tensile testing specimens oriented in
g. the through thickness (S) direction. Therefore, mild notch sa ples were pre-~

‘g. pared from the remaining standard samples in order to compare the strengths and
ﬁ ductility in the three test directions. The notches were oriented in the welded
‘i section of the S sample so that the minimum diameter was located at the center-
~ line of the plate. The specimens consist of a 3/8" diameter notch with a root

;: diameter of 0.150". The 0.2 percent offset was estimated from the load elonga-
E: tion curve. Table 3 contains the test results. Figure 5 shows the reduction in
o

W area plotted as a function of tensile strength. The specimens oriented in the
~ short transverse (S) direction exhibit significantly lower ductility than in the
i L and T direction. The reduction in area for the short transverse (S) direction
54 was between 9.87 and 11.9%. As shown in Figure 6, the air cooled (A) sample

g exhibited consistently lower reduction in area in the L and T direction than the
E? P or W samples (22.2% to 28.3% for the A samples versus 33.2% to 37.3% for the P
iu or W samples).

" The presence of bainite lowers the yield strength and the tensile ductility
f of air cooled samples. The lower strength of the bainite component together

-: with the coarse carbides associated with its formation act as sites for pre-

. mature void formation or fracture nucleation. Thus the lower ductility of the

o
K A samples.

tﬁ Figure 7 presents the relationship between Charpy V-notch toughness at 70°

F and yield strength. The Charpy V-notch toughness at 70° F showed behavior

N similar to the reduction in area behavior. Short transverse orientation at 70°
. F exhibited values between 6 and 10 foot pounds. There appeared to be no effect
" of either cooling rate or austenitizing temperature for samples tested in the

i
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>, short transverse direction. For the L and T samples, the A cooling rate had
v, significantly lower toughness than cooling rates P or W, despite having a lower
yleld strength. For the P and W Charpy results at —400 F, the L and T orienta-
tion austenitized at 1550o F appeared to give slightly higher toughness than

samples austenitized at 1650° F and 1750° F (Fig. 8).

s P ;'_ P4 -'.;

Fracture toughness measured in the L direction showed very little variation
with either cooling rate or austenitizing temperature. The A samples showed
slightly lower values than the P or W samples and there appeared to be a slight
increase in fracture toughness for the 1750° F austenitizing temperature.

Figure 9 compares KQ with Charpy V-notch toughness measured at 70o F in the L

orientation. KQ exhibits very little variation as compared to the Charpy

.I‘.'l"'- " \'
WP WY WL A S rJI.’.‘:‘-‘-',

V-notch variation.

l‘-
s

' ::‘:: METALLOGRAPHY
.: Fractography - CVN

: Figures 10 thru 12 show the fracture surface of CVN samples 15 AS, 15 AT,
}; 15 PT, 15 WT and 15 WS. The transverse (T) samples of the intermediate (P)
t: guenched samples and rapidly (W) quenched samples are characterized by dimpled
;: rupture (see Figs 11A and 11B). The "dimples' that developed have a large range
Ei in size. Generally, they are free of any detectable second phase particles. A
2 few small inclusions, located on these surfaces, contained Al and Ca. The

. sample that was slow quenched (A) showed an increased amount of quasi-cleavage
;: when compared to the P and W sample (see Fig. 10B). The fracture surface of the
: sample oriented in the S direction (Fig. 12) was characterized by dimpled rup~-

: ture. However, in this case there was evidence that small inclusions were

;
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involved in the development of the void. The inclusions contained primarily Al
and in some cases a minor amount of Ca. Fig. 10A shows the fracture surface of
the 15 AS sample and Fig. 12A and 12B gives the fracture surface of sample 15 WS.
The CVN fracture surfaces for the steels austenitized at 1650o and 1750O F
are shown in Figs. 13 thru 16. In all cases, the fracture surfaces are char-
acterized by dimpled rupture. Quasi-cleavage is present but is not a prominent

feature. Inclusions were difficult to find.

Fractography 14§QVSample

Figs. 17 thru 21 present the fracture surfaces of the slow bend fracture
toughness (KQ) samples at 1000X. The samples are a mixture of dimpled rupture
and quasi-cleavage. The similarity between the fracture surface morphologies
reflects the similarity between the fracture toughness values measured, despite
the differences in microstructure of the A samples versus the P and T samples.
The presence of bainite in the microstructure does not alter the fracture
surface appearance significantly.

Inclusion Characterization

C A TN AT NN
EE RSN S, ]

A sample of steel in the heat treated condition was sectioned and polished
parallel to the L, T and S planes of the original plate. Very few inclusions
were observed when viewing parallel to the L and T direction. Small clusters of
inclusions were visible on the section parallel to the S direction. Fig. 22A
shows a cluster from the S plane and Fig. 22B shows two inclusions from the
center of this cluster at a magnification of 2600X. The duplex inclusion marked
at A exhibited an EDXA spectrum (Fig. 23) containing Nb, Al, V and Ti. The
light area is apparently an Nb carbo~-nitride (CN) with V and Ti in solution and

the dark area an alumina particle. The area marked B is primarily an alumina

PR YT B ) 4 "




particle containing a trace of calcium as shown by the spectrum shown in Fig. 24.

Fig. 25 shows a duplex Nb-Ti-CN. The area marked C is rich in Ti and Nb
with a small amount of V (Fig. 26). Area D is apparently a Nb-CN with a minor
amount of Ti and a trace of V in solution (Fig. 27). 1t is postulated that
these particles form when the steel is in the molten state. The presence of
alumina particles adjacent to the Nb-Ti-CN suggests that the alumina can act as
a nuclei for precipitation of the Nb-Ti-CN during solidification. The area E in
Fig. 25B is an alumina inclusion as shown by the EDXA spectrum in Fig. 28.

Fig. 29A shows the fine inclusion in the cluster in Fig. 25B at 2600X. The
particle F in Fig. 29A contains primarily Al with Ca, Ce and Mg as trace ele-
ments (see Fig. 30). Fig. 29B presents a section parallel to the longitudinal
section. Clusters of inclusions were not visible on this section. The inclu-
sions were isolated and typical of the inclusions shown in Fig. 29B. The
inclusion marked G, analysed by EDX-A, contained primarily Al and Ca as a minor
constituent (see Fig. 31). The small tails shown adjacent to the inclusion
marked H and shown at higher magnification in Fig. 32 contained Mn and S (Fig.
33). The Al, Cr and Fe peaks are matrix emissions from the steel or the
adjacent alumina inclusion.

Fig. 34A contains views parallel to the transverse section. The inclusions
marked J and K were alumina. The inclusion J contained small amount of Ca (see
Fig. 35) while the inclusion marked K contained only Al (see Fig. 36). The
inclusion marked L in Fig. 34B is apparently a Ti-CN with Nb in solution (Fig.
37).

Additional inclusion analysis generally followed the trends discussed

above. The bulk of the inclusions were alumina, some contained small amount of

Ll St
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Ca. Rare earths (Ce) were sometimes detected as a trace element. Sulphides,
when detected, were associated with larger alumina inclusions. In no case were
any sulphide stringers located. Fracture surfaces of CVN specimens and notch
tensile specimens were generally free of inclusions. When inclusions were found
on these surfaces, they generally analyzed as alumina often containing Ca as a
minor constituent. Sulphides were never located on the fracture surfaces. The
only sample that had inclusions on the surface to any degree was the 15 AS notch
tensile sample. These inclusions analyzed as alumina inclusions and no sul-
phides were detected.

The lack of inclusions on the fracture surfaces of the L and T CVN samples
and the overall bulk cleanliness suggests that the toughness of the steel in the
L and T direction is limited by microstructural features. Significant differ-
ances were found between the toughness (and ductility) of the slow cooled
samples (A) and the intermediate cooled (P)-rapidly cooled samples (W). The
slow cooled samples contained a small amount of bainite, while the more rapidly
cooled samples were 1007 tempered martensite.

Fractography - Notch Tensile Samples

The notch tensile samples fractured after necking down substantially.
Final failure was characterized by classic cup-cone fracture. The reduction in
area of the notch tensile sample was very sensitive to structural features that
affect ductility at high hardness. Figure 38A shows the shear lip development
in 15WS. The shear lip area was 497 of the final area in 15WS (Figure 35) as
compared to a shear lip area that was 677 of the final area in 15WT (Figure 39).

The flat area was characterized by a mixture of ductile dimpled rupture in 15WT

and a mixture of quasi-cleavage and dimpled rupture in 15WS.
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Initiation of fracture appears to have occurred at the center of the cup-
cone and then progagated radially outward until the final failure was by shear.
The initiation site appears to be the region of maximum hydrostatic tension in
the center of specimen as predicted by the Bridgeman analysis. Note that there
are small inclusions (alumina) in this area as shown in Figure 38B. The frac-
ture in 15WT is primarily dimpled rupture (Figure 39B).

Figure 40 presents the fracture surface of 15AS. This sample contained
planar arrays (bands) of bainite. The fracture surface was made up of a combin-
ation of ductile rupture and quasi-cleavage. Figure 41 displays the surface of
15AT. The fracture surface of 15AT is similar to 15AS except that the dimpled
rupture regions are more deeply developed, indicating greater toughness or

Nucleation of the fracture in the notch tensile specimens occurred in the

A G Ay

region that developed maximum hydrostatic tension (center of specimen). Frac-
ture progresses radially outward from this region until final fracture occurs
along planar developing maximum shear stress. Initiation occurs at the weakest
component present. In the case of 15WS, this appears to be at small alumina
inclusions. Initiation in 15WT appears to have occurred at some fine micro-
structural feature. The features were too fine to identify by SEM microscopy.
In the case of 15AS and 15AT, initiation appears to be within a bainite grain.
The high hydrostatic developed during necking caused bainite grains to fracture
thereby initiating the fracture.

Examination of notch tensile sample fracture surfaces in the other heat

treated condition confirmed the above results and conclusions. There was no

evidence of anisotropic embrittlement.
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.‘:: DISCUSSION

‘ The gquench rates of 1000o F per minute and 500O F per minute resulted in
) material with similar microstructure and properties. Austenitizing temperature
’S appears to have resulted in a slightly coarser grain size for 1750o F. The

is difference between longitudinal and transverse properties for these quenching

2 conditions was very small. The slow quench rate resulted in the presence of a
}: small amount of bainite in the microstructure. The presence of bainite had a

iz significant effect on reducing the tensile ductility, Charpy V-notch toughness
;S and to a lesser degree the fracture toughness.

;x The lack of sensitivity of the KIc measurement to microstructural features,
J: as compared to the sensitivity of the CVN specimen and the tensile specimen is
,' related to specimen design. KIc testing measures the initiation of fracture
‘Ni from an existing sharp crack, while a CVN specimen has a blunt notch and tensile
’S: reduction of area is measured on a smooth bar specimen. Propagation of a sharp
4

:' crack under plain strain conditions in the KIc test 1is essentially controlled by
- stress. In a Charpy test or a tensile test, the conditions for fracture are

-é dependent not only on the stress level but on the plastic strain that any ele-
Pj ment of material experiences. The presence of such items as sulphides, carbides
; and/or the presence of a weaker constituent such as bainite primarily lowers the
5 critical strain at which ductile rupture proceeds. The sampling volume for

“ fracture is also greater for the CVN and tensile tests because of the larger
:; : plastic zone involved.

EE Specimens oriented in the short transverse or thru-thickness direction

?? showed reduced tensile ductility and Charpy V-notch toughness for all conditions
2 tested. The anisotropy in this direction when compared with the longitudinal
b
Y

3

o
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and transverse direction is quite high. Generally the tensile ductility was
reduced 667 while the Charpy V-notch toughness was reduced approximately 567%.
The reduction of properties in the short transverse direction is primarily
attributed to the textural characteristics created by the rolling process.
Microstructural features are aligned in the direction of crack propagation.
These features include inclusions (sulphides and oxides), and matrix micro-
structural features associated with chemical banding such as bainite bands.

Fracture surfaces of the steel were generally free of sulfide and oxide
inclusions. This is consistent with metallographic examination of the steel.
Although no quantitative analysis was carried out on the bulk inclusion content
of the steel, standard metallographic examination together with SEM - EDXA
analysis indicated that this steel was extremely "clean". Inclusions tended to
be in small clusters and consisted primarily of alumina. In some cases, the
alumina contained calcium as a minor constituent. Sulphides, when found, were
associated with the alumina inclusions. Sulphides were never found on the
fracture surfaces. Traces of Ti-CN and Nb-CN were found. Small rare earth
inclusions were also found in the steel. Their presence is related to a pro-
prietary complex deoxidizer used during the ESR melting process.

The mild notch tensile specimens provided the most sensitive evaluation of
the effect of microstructure on properties. Charpy V-notch toughness exhibited

much more sensitivity to microstructural effects than fracture toughness, K

Ic

SUMMARY AND CONCLUSIONS

1. Increasing austenitizing temperature from 1550° F to 1750o F had little or

no effect on the strength and toughness of Heat R3192 ESR melted 4340 steel
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6.

- 13 -

Decreasing the quench rate from lOOOO F per minute to 500° F per minute had
no effect on the strength and toughness.

Decreasing the quench rate from 500o F per minute to 100o F per minute had
a significant effect on Charpy V-notch toughness. Lower Charpy V-notch
toughness associated with the quench rate of 100° F per minute was due to
the presence of bainite in the microstructure. The presence of bainite had
a small effect on slow bend fracture toughness (KIC).

Plate anisotropy was very small in the plane of the plate (longitudinal
versus transverse). Properties normal to the plane of the plate were
affected drastically. Charpy V-notch toughness was decreased as much as
56% over the values obtained in the longitudinal (L-T) direction. Reduc-
tion in area of the mild notch tensile specimen was decreased as much as
647 in the thru-thickness direction when compared to the longitudinal (L)
direction.

The cleanliness of the steel was very good. Inclusion clusters were pri-
marily alumina with some calcium present. Small amounts of cerium oxides,
titanium and niobium carbo-nitrides were present, Sulphides were extremely
small and were associated with alumina or calcium aluminate inclusions. No
elongated sulphide inclusions were found.

Fracture of both the standard tensile samples and the mild notch sample was
by the development of a sharp neck and cup-cone failure. 1Initiation of
fracture was at the center of the specimen.

In all the tests conducted, there was no evidence of anisotropic embrit-

tlement of this material (i.e., intergranular fracture).
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a) Sample 15AS
Orientation §
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b) Sample 15AT
Orientation TL
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2OKY %1000

FIGURE 10: Charpy V-Notch SFM Fractogragh of Slow Cooled
Sanples Austenitized at 1500 F
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a) Sample 13WT

Orientation TL
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43886 LUK
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FIGURE 11: Charpy V-Notch SEM Fractograph of Slow Cooled
Sample Austenitized at 1550 F
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FIGURE 12:

Charpy V-Notch SEM Fractogrgph of Slow Cooled
Sample Austenitized at 1550 F
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a) Sample 16AS

Orientation S
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. 'a'
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b) Sample 16AT
Orientation TL

900X

11145 LUK

FIGURE 13: Charpy V-Notch SEM Fractogrgph of Slow Cooled
Sample Austenitized at 1650  F

" 1 i 3 1 L ‘\ -\-~ u. ~v- 3 T\- -$r.‘t‘ ‘ - "'\. s Rw‘.r.. ~.\ q“’n-q'\\ ‘.'. - -~ q\. "y \\\ "\\1\
ORI AR L gt Pt bt o ¥ Ry P P N P A ol .L;.O. VPR NN n )'.q " At B M



w3 -1
=~ [
[ =] = a
Z O & O
S = CRE|
- Fe) — &)
© [}
Q ) V] tw
~ = > —~ = bl
m. 7] [=] o, [ o
- o g8 b el Q
5] o o ] M o
v (o] — /5] o — k4
00
~~ ~~
o 0 v
4] O
[} ~
—~
O & &
E © o
]
[/ 3= e~
=]
U= @ N
o] o
—~
LS A
Qs o
(] V]
588
o353
LY =
Q
o =~
[ =
y
)]
Z au
[%5) e
v 3
L0 g
3% H
& O
ownr N
4 o
[ ="
> ©
Fe
> O
., U0
- O
288
(SRS R|
~r
—
=)
4]
[
xy
- - - —= PR o " > - e 3 - NG RIICITY SN TS S
o - A 7 T T - ST TINE Y AL | el \ P sy e




a) Sample 17AS
Orientation S

900X

b) Sample 17AT
Orientation TL

1000X

b

lﬁ FIGURE 15: Charpy V-Notch SEli Fgactograph of Samples
5' Ausgenitized at 1750° F and Quenched at
100~ F per Minute




Sample 17PT
Orientation TL

1000X

Sample 17WT
Orientation TL

1000X

FIGURE 16: SEM Fragtograph of Charpy VBNotch Samples Austenitized
‘3 at 1750 F and Quenched 500" F per Minute (Fig. 16a)
and Water Quenched (Fig. 16b)
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a) Sample 15AL
Orientation LT

1000X

b) Sample 15PL
Orientation LT

1000X

FIGURE 17: SEM Fractograph of Slow Bend Fracture o
Toughness Specimen Austenitized at 1500 F
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FIGURE 18:

N A A L A R A

a)

b) Sample 16AL

SEM Fractograph of Slow Bend gracture Toughness
Spec%men Austenitized at 1550 F (Fig. 18a) and
1650° F (Fig. 18b)
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a) Sample 16PL
Orientation LT
Austenitized 1650o F

Quenched 500° F/Min.

b) Sample 16WL
Orientation LT
Austenitized 1650° F

Quenched 500° F/Min.

2 FIGURE 19: SEl' Fractograph of Slow Bend Fracture
KN Toughness Specinen Austenitized at 1650° F
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a) Sample 17AL
Orientation LT
Austenitized 17500 F

Quenched 100° F/Min.

PP

atutata’a’s

b) Sample 17PL
Orientation LT
Austenitized 1750° F

Quenched 500° F/Min.

“obeselng v,

\ FIGURE 20: SEM Fractograph of Slow Bend Fracture o
Toughness Specimen Austenitized at 1750  F
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a) Sample 17WL

en il S WY

Orientation LT

11

Austenitized 1750° F

Quenched 1000° F/Min.
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Y FIGURE 21: SEM Fractograph of Slow Bend Fracture Toughness
& “pecimen Austenitized at 1750 F

'y

R

v e N A e L N G L A S A SO O O



a) Sample 16W

PR

Orientation S

e m e

400X
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b) Sample 16W
Orientation S

2600X

A =N

) FIGURE 22: Inclusions Viewed on A Plane Normal to
Thru Thickness Direction
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Sample 16W

Orientation S

2600X

. b) Sample 16W
Orientation S

! 900X

»

FIGURE 25: Inclusions Viewed on A Plane Normal to
The Thru Thickness Direction
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a) Sample 16W

Orientation S

2500X

EE——
1au 828 51486 LUK

b) Sample 16W

Orientation L

N 1000X
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A R Y
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"L" DIRECTION
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1a) aza
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