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sparse distribution of these defects'(10 2 in.- 3 ) accounts for the discrep-
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INTRODUCTION

Electroslag remelt (ESR) processed 4340 steel tempered to high hardness levels
exhibits superior ballistic properties, 1 ,2 attributed primarily to the improved shatter
resistance accompanying a low sulfide inclusion content. This improved ballistic per-
formance led to the selection of ESR 4340 steel tempered to HRC 55 hardness for ballisti-
cally-tolerant critical helicopter components. Preliminary mechanical property evalua-
tion at AMMRC of commercial ESR 4340 steel forgings revealed a severe loss of ductility
in the short transverse direction;* this was followed by a number of delayed failures
of helicopter components in service. This study was undertaken to determine the nature
and mechanism of the severe degradation of short transverse mechanical properties in
the high hardness ESR 4340 steel forgings.

MATERIALS AND EXPERIMENTAL PROCEDURES

Material from sixteen ESR 4340 forgings from nine commercial heats produced by
three suppliers was evaluated. Also included were an ESR 300M (Si-modified 4340) heat

and one VIM 4340 heat 'for comparison. The forgings are identified in Table 1 and heat
analyses are given in Table 2. Original ESR ingots were generally 20 inches in dia-
meter. Particular deviations in heat compositions are noted in Table 1. Unless other-
wise indicated, specimens were normalized at 1650°F for I hour and air cooled, austen-
itized at 1550°F for I hour and oil quenched, and tempered at 340°F for I hour as per
helicopter component specifications.

Tension tests were conducted on standard 0.252-in.-diameter specimens with a 1.25-
in. reduced section and 1.0-in. gage length at a crosshead speed of 0.05 in./min. Frac-
ture toughness was evaluated both by standard Charpy impact tests and slow-bend tests
on precracked Charpy specimens; sharp-crack fracture toughness (KIc) values were esti-
mated from maximum load measurements using a Manlabs, Inc. Physmet Slow-Bend tester.

Table 1. FORGING IDENTIFICATION

Heat Producer
No. Alloy Heat No. forgings Remarks

Al ESR 4340 L-R0210 3" plate 0.06 Sn

A2 L-R0310 3 plate 0.06 Sn

A3 L-R03S3 3 plate

A4 L-1700 2.5" plate

B C-G712 a. 7"x7, b. 5"xS", . 3, 0.012 P. 0.0075 S

B2 C-G721 a. 5"x7", b. 5"x5', .5 30 ppm H

Cl S-BM2 a. 1211" sq, b. 11"x12 k . 5"x12" -

C2 S-GIT.4 4" plate 0.010 P

C3 S-9060-2 4-3/4" round 7 ppm H

0 ESR 300M B-RM 355 6"x4"

E VIM 4340 A-AlO 6"x4"

"ANCTIL, A. A., DeSISTO, T. S., and KtI.A. U. H. Army Materials and Mechanics Rewsarch ('enter, unpublished research. 1978.
I. HICKEY. C. 1:.. Jr.. ANCTIL, A. A., and CIIAIT. R. he Ballistic Perlormane of llh Strength 4340 Steel Nchessed hi E'ectroslag Remelting

in Fracture Toughness of Wrought and Cast Steels. ed. I. I ortner. ASMI MP -13. 1980. p 219-229
2. ROHTERT, R. . Ballistic Design Support ert 4 T(d few Ilehopter I'udncrah lu Reducti, m list Annual National Ioim of the American

Helicopter Society, preprint 984, Washington. I)( .. Ma- 1975



Table 2. CHEMICAL COMPOSITIONS

Heat Weight Percent ppm
No. C Mn Si Ni Cr Mo P S Cu N As Sb Sn 0 H

Al 0.40 0.79 0.24 1.71 0.69 0.19 0.005 0.002 0.14 0.017 0.006 0.003 0.060 7 0.2

A2 0.38 0.77 0.22 1.68 0.74 0.22 0.007 0.003 * 0.008 0.010 0.005 0.060 15 2.0

A3 0.36 0.74 0.26 1.80 0.77 0.26 0.007 0.001 * 0.011 0.009 0.004 0.005 6 1.4

A4 0.41 0.73 0.32 1.85 0.73 0.23 0.007 0.002 0.20 0.011 0.009 0.004 0.005 14 0.4

81 0.43 0.72 0.35 1.83 0.90 0.31 0.012 0.007 0.25 0.012 0.010 0.003 0.006 26 0.3

B2 0.42 0.72 0.34 1.88 0.85 0.29 0.009 0.004 * 0.008 0.009 0.003 0.005 30 0.5

Cl 0.40 0.77 0.22 1.78 0.80 0.24 0.008 0.003 * 0.010 0.013 0.002 0.014 16 0.6

C2 0.40 0.77 0.20 1.69 0.85 0.24 0.010 0.003 * 0.013 0.006 0.004 0.016 11 0.1

C3 0.43 0.80 0.29 1.77 0.80 0.26 0.005 0.004 0.09 0.010 0.004 0.001 0.003 41 7.0

D 0.40 0.87 1.61 1.83 0.77 0.36 0.008 0.006 0.13 0.009 0.024 * 0.018 * *

E 0.39 0.96 0.28 2.02 0.80 0.28 0.007 0.002 0.07 0.007 0.008 0.004 0.010 23 0.4

*Was not determined

Fracture surfaces were analyzed on notched specimens fractured in vacuum in a PHI Elec-

tronics Scanning Auger Electron Microprobe operated at 3 kV. Some controlled humidity

smooth bar tension tests were run on standard 0.160-in.-dia. specimens in a specially
designed environmental chamber. Short transverse i tests were conducted in 3-1/2%
NaCi solution using constant load SEN precracked specimens with electron-beam welded

grip ends.

MECHANICAL PROPERTIES

Table 3 summarizes the results of extensive mechanical testing. Properties were

measured in the longitudinal (L), long transverse (LT), and short transverse (ST) di-
rections of the forgings.* Tensile properties represent average values over the number

of tension tests indicated; numbers of toughness tests are indicated in parentheses.
Longitudinal properties are typical of 4340 steel of this hardness level, but trans-
verse properties reveal substantial anisotropy. While some anisotropy is evident in

the tensile strength and total elongation (in 1.0 in.), the most dramatic effect is

found in the tensile reduction of area, where zero values often associated with brittle

fracture outside the gage section are frequently observed in the short transverse direc-

tion. The anisotropy is generally more pronounced as the degree of forging reduction
is increased. Significant anisotropy is also evident in the blunt-notch impact tough-

ness as measured by the Charpy (CV) energy, while the sharp-crack toughness measured by

KIC shows little sensitivity to the test direction. Results for the ESR 300M and VIM

4340 are consistent with the same trends.

The influence of tempering temperature on the short transverse tensile properties

was investigated in heats Al, A2, and A3; the results are presented in Table 4 and

plotted in Figure 1. Tempering to a lower strength level is found to quickly restore
ductility in heat A3. The effect is more gradual in heats Al and A2 which have an

abnormal Sn content. While such abnormal impurity contents appear to aggravate the

problem, substantial anisotropy is present after the 340aF temper in heats which show no

such composition abnormalities.

SThc transverse direction is identificd as T in symmetric forgings.
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Table 3. MECHANICAL PROPERTIES OF ESR 4340 STEEL TEMPERED AT 340 F FOR 1 HOUR

Heat 0.2% YS, UTS, Elon., RA, CV (N), KIC {NI
No. Forging Direction N ksi ksi % % ft-lb ksivin. HRC

Al 3" plate L 2 209 308 11.3 33.4 17.8 (1) 36.9 (7) 56
LT 4 210 239 5.9 7.6 - - -

ST 2 206 186 1.5 0 5.0 (1) 38.0 (4) 56

A2 3" plate ST 2 - 188 0 0 - - -

A3 3" plate ST 2 214 28' 0 0 - - -

A4a 2.5" plate L 2 229 288 13 43.2 17.5 (2) - 53
LT 2 229 288 11 33.7 12.9 (2) - 53
ST 4 227 287 5.5 12.3 6 .6 b(4 ) 53

3] a. 7"x7" L 4 218 305 6.3 15.5 12.5 (2) 42.9 (2) 56
T 10 215 219 0.4 0.6 10.9 (5) 40.2 (5) 56

b. 5"x5" L 4 212 317 9.6 37.1 12.4 (2) 40.3 (2) 56
T 10 217 244 2.9 4.8 8.8 (5) 39.8 (5) 56

c. 3"x3" L 4 210 329 12.1 37.6 12.3 (2) 37.0 (2) 57
T 10 - 252 3.3 5.9 9.2 (5) 33.8 (5) 57

82 a. 5"x7': L 2 210 317 8.0 21.1 17.5 (1) 54.3 (1) 57
ST 5 220 297 5.0 14.9 8.8 (3) 45.6 (2) 57

b. 5"x5" L 2 211 320 12.5 38.9 10.9 (1) 55.1 (1) 57
ST 4 222 319 9.3 22.6 12.1 (2) 50.9 (2) 57

c. 3"x5" L 2 213 320 12.0 38.6 15.5 (1) 50.1 (1) 57
ST 4 220 322 7.5 19.5 11.4 (2) 54.5 (2) 57

Cl a. 12 "x12 " L 4 - 301 13.0 43.3 14.6 (4) - 54
T 8 213 297 13.5 42.9 15.2 (8) - 54

b. 11"x12" L 2 217 300 13.0 44.6 14.1 (2) - 55
T 4 214 297 12.4 37.9 13.8 (4) - 55

c. 5"x12" LT 8 213 302 13.4 41.9 14.0 (4) - 55
ST 15 210 274 6.0 14.5 10.1 (4) 45.8 (4) 55

d. 3 "x3h" T 4 211 304 14.4 47.6 17.1 (2) 56.4 (2) 55
2300°Fc ST 10 210 304 12.3 39.2 14.8 (5) 53.1 (5) 55

(from 5"x6"
of Cl-a)

C2 0.4" plate L 8 214 304 12.0 49.1 18.7 (4) 51.4 (4) 55
LT 8 212 305 10.6 43.4 19.2 (4) 52.7 (4) 55

C3d 4-3/4" round L 3 198 315 11.0 35.5 12.1 (4) - 55
T 6 201 316 9.0 25.7 8.8 (6) - 55

De 300M L 8 245 291 10.6 44.2 19.7 (4) - 55
4"x6" LT 8 252 295 7.8 30.2 14.7 (4) - 55

ST 8 246 293 5.9 19.9 11.2 (4) - 55

E VIM 4340 L 8 217 308 12.0 46.2 20.0 (4) - 55
4"x6" LT 8 205 309 9.3 29.6 14.0 (4) - 55

ST 8 212 307 7.9 23.3 13.8 (4) - 54

a - 400°F temper
b - Intergranular fracture
c - AMMRC forged
d - Tempered 4 hours
e - 5700F temper

Considerable scatter is found to accompany the low short transverse ductility

after 340°F tempering with some indication of a specimen size dependence. Of the fif-

teen ST tension specimens of forging c (5"x12") of heat C1 cited in Table 3, seven

specimens were of 0.160-in. dia. with a 1.0-in. reduced section. The eight standard

0.252-in.-dia. specimens showed an average RA of 1.5%, with five specimens giving 0

values, and one showing a "normal" value of 41. The smaller 0.160-in.-dia. specimens

gave a higher average RA of 22.4% with a range of 5.5% to 43.1%. The standard devia-

tion was 14 for both specimen sizes. As the two sizes were tested at different times,

uncontrolled variables such as humidity might contribute to these differences, as will
be discussed later.
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Table 4. INFLUENCE OF TEMPERING TEMPERATURE ON SHORT-
TRANSVERSE TENSILE PROPERTIES E = 0.05 min "1

Heat Temper, 0.2%' YS, UTS,
No. °F ksi ksi % Elon. % RA

Al 340 206* 186±24 1.5±1.5 0
400 234* 219-15 0.5 0.8
500 234* 249±16 3.5±1.5 7.8±6.8
600 228 252 4.0±1.0 6.8±0.4
800 207 218 8.2±0.2 23.3±3.5
1000 172 180 10.5±0.5 30.5±1.7
1200 126 139 18.5±1.5 48.0

A2 340 - 188±18 0 0
500 222 265±4 0 1.8
600 226 256 7.5±1.0 18.4±2.8
800 208 218 7.0 17.7
1000 180±2 186 11.2±0.2 32.1±1.3
1200 134 146 16.0±0.5 44.3±0.9

A3 340 214±2 267 0 1.3±1.3
500 222±2 270 9.5±0.5 30.8±0.6
600 228±4 253±2 10.0 33.4±0.6
800 209±1 219±1 11.5±0.5 36.3±0.9
1000 182 189 13.5 45.7±0.5
1200 150 157 19.0 50.6±0.2

Note: One hour temper
Two specimens tested for each condition

*One specimen failed before 0.2% yield

(a)
A Al 0.060 Sn

9 o A21
300 - 0 o A3 -0.005 Sn

250 _"-"- UTS

~200
150 y_z.-i

1001- I Figure 1. Influence of tempering temperature

on short-transverse tensile properties of heats
50 -(W A1, A2, and A3.

40 -

30

20 -%RA A

0 - i _

400 600 800 1000 1200
Tempering Temperature, OF

Fractography revealed that very low short transverse ductility was generally re-

lated to intergranular crack initiation at the specimen surface. Typical scanning
electron micrographs are shown in Figure 2.* A region of smooth intergranular frac-

ture, generally 0.01 in. in extent, was always found adjacent to a free surface, while
the remainder of the fracture surface showed a ductile mode of fracture by void co-
alescence. Evidence for intergranular fracture was also commonly observed in the plas-

tic zone of the Charpy bars, with secondary intergranular cracks tending to follow the

Fractures occasionally initiated at MnS stringers located near the specimcn surface without significant intergranular fracture; specimens
exhibiting the lowest ductilities, however, invariably showed intergranular initiation.

4



(a)

1 mm

,41 i

(b)

-12.5 pIm1

Figure 2. Scanning electron micrographs of
6 45 1, 11 t V ' 1 fracture surface of short-transverse tension

specimen of Cl-c material. (a) Overall view
-. , ' 4, ,. showing flat fracture mode at failure origin

• ~, ' k1 ' " (C) "A,* (b) smooth intergranular fracture at

.7 -1%" C) failure origin, and (c) ductile fractureS,,mode at specimen center.

41 "12.5 pm

".. . ..



rolling plane. Figure 3 shows optical micrographs of such secondary cracking in the a
and b forgings of heat Cl. The plane of polish is 0.02 in. below the primary fracture
surface of long transverse impact specimens. To assess the possibility that embrittle-
ment might be related to "overheating" during forging, 3 a 5"x6" section of the Cl-a
material was forged to 3-1/4-in, square at 23000 F. After the standard heat treatment,
this high temperature forging, Cl-d, was found to show improved mechanical properties
(Table 3) rather than further embrittlement. As the smooth intergranular fracture
initiation at tension specimen surfaces is suggestive of environmentally induced frac-
ture, the influence of strain rate on the short transverse ductility was investigated

' i*.... ;' .4I* .1'

oil

z~

.'j

(a) 50 pm, (b)

Figure 3. Secondary intergranular ciacking in long-transverse Charpy specimens from heat C1, forgings a and b.

3. ANDRI W. R. C.. %l SION. ( . W. ind S( I Im. R I di rhalmi i I ,,w %Sultur , ci,. .1. Aulr;il:a m Intl. Mel. v. 21., 1976.
p 126-131.
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in 0.160-in.-dia. specimens of the Cl-c forging, giving the results shown in Figure 4.
Lower strain rate clearly reduces the ductility. Also included in Figure 4 are the
results of low strain-rate tests run in vacuum after thoroughly washing the specimens
in alcohol. A normal level of ductility is restored under these conditions, clearly
demonstrating that the abnormal short transverse ductility is associated with an environ-
mental interaction or "stress-corrosion" phenomenon.

50

fuu° n

30

0 2

10

1-3  1io- 2 t 10-1

0.002 0.02 0.05
Strain Rate, rin-1

Figure 4. Strain-rate dependence of short-transverse tensile ductility of Cl-c forging tested in
laboratory air. Ductility in vacuum at low3st rate is also shown.

SEGREGATION BEHAVIOR

In accordance with commercial practice, none of the ingots or forgings was given a

high temperature homogenization treatment at any stage of processing. Macroetched spec-

imens showed a typical "banded" structure as illustrated by the Al 3-in. plate shown in

Figure 5; a higher magnification micrograph is shown in Figure 6.

To assess the possible relation between banding and crack initiation, prepolished

and etched bend specimens of the Cl-c material were stressed in the short transverse

direction. Small cracks generally followed dark bands when observed under oblique illu-

mination as shown in Figure 7. Comparison with the appearance of identically etched and

illuminated as-cast 4340 steel indicated that the dark areas correspond to the inter-
dendritic regions of the original ingot structure. A study of banding in 4340 steel by

Rao 4 has demonstrated that these regions are enriched in alloy elements (Mn, Cr, Ni, and
Mo) as well as impurities, notably phosphorus and sulfur.

In order to evaluate segregation at grain boundaries, short transverse notched

3-mm-dia. bars of the Cl-c material were fractured in the vacuum system of a Scanning

Auger Electron Microprobe (SAM). Despite the frequent observation of intergranular

fracture in Charpy impact specimens (as in Figure 3), no clear examples of intergranular

4. RAO. A. V. Banding and Its Influence on the Impact and ht-iguc Iropcrties of Nig Strength SA h'4340 Steel. PhD Thesis, Dept. of
Metallurgy. Mechanics and Mat. Sci., Michigan State University, 1973.
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Figure 6. Mid-thickness microstructures of Al forging. (Etch 1g sodium tridecylbenzene,
2 drops HCI, 100 cc sat. Picric acid in H2 0).

fracture could be found in the 3-mm specimens, presumably due to.a sparse distribution

of the defects with which the observed intergranular fracture is associated. Some inter-
granular fracture could be observed after a grain-coarsening austenitizing treatment at
2200F. Auger electron analysis of these regions indicated preferential segregation of
phosphorus and sulfur, relativ, to the rest of the fracture surface.

To induce intergranular fracture in the fine-grained conventionally heat-treated
material, fl-notched specimens were electrolytically hydrogen charged and cadmium plated;
the treatment produced internal hydrogen blisters. After fracturing the specimens in
the vacuum syst em, regions of intergrantilar fracture were found adjacent to the blis-
ters, as shown in Figure 8. Analysis of such regions indicated small amounts of phos-
phortis and sulfur segregation. The example shown in Figure 9 gives ratios of the P and
S peaks to the 704 eV Fe peak of P1 2 0 /Fe 70 4 =3.1xlO- 3 and S 15 2 /Fe 7 0 4 =I.7x1O- 3 , correspond-
ing to concentratioins of the order 0.1 at. pct.* Under identical conditions the P and S

peaks were g ,cra illy undetectable on the nonintergranular regions of the fracture surface.

Ilrhc high o\ ykn pjwk in I ipurv 9 is relaed to some surface contanination a risint Irom h i ters reaching fre surlaces during hydrogen

char ,inv.

r)1



(a) 500 pm (b) 25 prI I

Figure 7. Surface cracks observed in prepolished and etched short-transverse bend specimen of Cl-c material.
(a) Optical micrograph with arrows indicating cracks in dark bands; oblique illumination, and (b) scanning
electron micrograph of surface crack.

(a) 100 pin

Figure 8. Scanning electron micrographs of fracture surfaces of hydrogen-charged short-transverse notched
specimens fractured in vacuum. (a) Fracture surface adjacent to hydrogen blister, showing intergranular
facets at center. Flat hydrogen blister is at left of arrows, and (b) intergranular fracture region of (a).
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Figure 9. Auger electron spectrum from intergranular fracture
dN region of hydrogen-charged C1-c material fractured in vacuum.

3 kV, 0.9 pA.
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EFFECT OF HOMOGENIZATION

Based on the indications that the short transverse embrittlement may be related to

impurity segregation in the banded microstructure, the influence of homogenization treat-

ment on the mechanical behavior was investigated. Two 5"x4" sections, 4-1/2 in. in

length, were cut from the Cl-b material. One piece was given a brief homogenization

treatment at 2350°F for 5-1/2 hours in vacuum, and then both were forged at 2050OF to

2-1/8"x4" to simulate the reduction of the Cl-c forging. Metallographic examination re-
vealed banding in both pieces, but identical treatment with Stead's reagent, sensitive

to phosphorus, indicated a slight reduction in the intensity of the banding in the homo-

genization-treated material.

Both longitudinal (L) and short transverse (ST) 0.160-in.-dia. tension specimens

were machined from the homogenized (H) and nonhomogenized (N) material and given the

standard heat treatment. Due to the evidence for a role of environmental interaction in

the embrittlement, tension tests were run in a controlled humidity environment at 30%

and 85% relative humidity, at a strain rate of 0.002 min. - I Tests were also run in dis-

tilled water, and in vacuum after thorough cleaning in alcohol. The results are sum-

marized in Table 5 and the RA is plotted in Figure 10 as a function of humidity. The ST

ductility of the nonhomogenized material is strongly influenced by humidity, giving a

normal level of ductility when tested in vacuum. The L ductility of both H and N materi-

al is relatively insensitive to humidity, while all the material is embrittled in water.

The homogenization treatment very nearly restores the ST ductility to that of the longi-

tudinal specimens, thereby eliminating the anisotropic embrittlement.

The influence of homogenization treatment on the sharp crack stress-corrosion be-

havior was examined in precracked ST specimens under constant load in 3-1/2% NaCi solu-

tion, and the results are shown in Figure 11. A KISCC value of 11 ksi4iT is found for

both the H and N material and is identical to that reported for longitudinal specimens

11



of ESR-processed material of the same hardness level.* Hence the sharp crack stress-
corrosion behavior does not appear to reflect the sensitivity to either direction or
degree of homogeneity exhibited by the smooth bar tension tests.

Table 5. INFLUENCE OF HOMOGENIZATION ON TENSILE PROPERTIES
IN CONTROLLED ENVIRONMENT = 0.002 min-]

Relative Specimen UTS, Standard
Humidity Direction Condition* N ksi 3 RA Deviation

0% L N 3 302 40.8 ±2.2
(vacium) . H 3 301 46.5 ±0.6

ST N 6 307 36.7 ±3.4
H 4 307 40.6 ±1.1

30% L N 4 301 40.6 ±2.3
H 4 299 41.3 ±3.0

ST N 6 303 26.5 ±7.3
H 6 302 40.0 ±2.6

85% L N 4 298 41.6 ±2.1
H 4 302 43.1 ±2.9

ST N 5 300 9.4 ±5.2
H 6 303 37.4 ±3.0

100% L N 4 299 7.5 ±4.0
(dist. H20) H 4 292 12.1 ±2.8

ST N 4 269 5.6 ±1.5
H 2 290 6.5 ±2.5

*N = Nonhomogenized

H = Homogenized

50'

4 -- -. - -- - -H--

. ST-H -'

-----O--------------------------------

230 S

~~~L-N t \\

0 20 40 60 80 100
Relative Humidity, S

Figure 10. Influence of relative humidity on longitudinal and short-transverse ductility
of homogenized (H) and non-homogenized (N) material from heat C1, -"0.002 min.-

*CZYRKLIS, W. F., and LEVY, M. Army Materials and Mechanics Research Center, unpublished research, 1980.
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Figure 11. Stress intensity factor K 20 ,
versus time to failure for precracked - - "
short-transverse stress corrosion spec-_ 10 10
imens of homogenized (H) and non-
homogenized (N) material from heat C11;
tested in 3%=% NaCl. 0 I 4
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DISCUSSION

The anisotropic embrittlement observed here can be understood in terms of the inter-
action of nonequilibrium segregation inherited from solidification with local equi-
librium segregation at grain boundaries during austenitization. Since the extent
of grain boundary impurity segregation is strongly dependent on the local composition,
the presence of banding can produce local regions with grain boundary segregation charac-
teristic of an alloy of much higher impurity content, as indicated schematically in
Figure 12. It is well established that impurities like P, S, and Sn weaken the grain
boundaries and increase their sensitivity to environmental interaction, 5 and that rela-
tively small amounts of segregation during austenitizing can cause embrittlement effects

(a) Homogeneous ,.2

A A'

(b) Banded

Al A'

Figure 12. Schematic impurity concentration
profiles along line A-A' of lower microstructure A A'
for (a) homogeneous, and (b) banded material.

5. BRIANT, C. L., and BANERJI, S. K. Intergranular Ialure in Steel: The Role of Grain BoundarY Composition. Int. Metall. Rev., v. 23, 1978,
p. 164-199.
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at very high strength levels as observed, for example, in the case of tempered marten-
site embrittlement. 6 If sufficiently weakened boundaries exist only in the bands, then
embrittlement will be most severe when the material is stressed normal to the plane of
banding in which aligned arrays of impurity-rich boundaries can act as potent embrit-
tling defects.

Evidence for the interaction of the two types of segregation as depicted in Figure 12
has been obtained recently by Kameda and McMahon 7 in a O.3C-Ni-Cr steel tempered to
hardness of HRC 30. Banded Sb-doped steels showed enhanced intergranular segregation of
Sb and associated temper embrittlement relative to homogenized material, although a
similar effect could not be detected in their steel when doped with Sn or P.

Anomalous stress-corrosion cracking behavior associated with banding has been ob-
served during tension testing in air in 350-grade maraging steel when aged at low temp-
eratures;8 premature tensile failures were accounted for via linear-elastic fracture
mechanics. In brittle high-strength steels, only a small amount of crack growth during
loading is necessary to induce brittle fracture without measurable macroscopic duct-
ility. The critical (surface) flaw size ac at the yield stress cy can be expressed by9

ac Kic 2

Q 1.21r y2

where Q is a shape factor of order unity. Using KIC=50 ksi/i-n, and Oy= 22 0 ksi for the
ESR 4340 steel gives a critical flaw size of %0.01 in. in agreement with the extent of
intergranular cracking observed in the tension specimens exhibiting completely brittle
behavior.

If a number of surface defects, NA per unit area, is randomly distributed spatially
(though nonrandomly oriented), the probability p that the surface of a specimen with
gage section surface area A will contain such a defect is expressed by a Poisson function

p = I - exp (-NA'A). (2)

From the fractions of short transverse 0.252-in. and 0.160-in.-dia. tension specimens of
forging Cl-c exhibiting significantly premature failure (7/8 and 5/7, respectively), (2)
gives NA=2 in. - 2 for the controlling defects. These sparsely distributed defects would
correspond to impurity-rich regions sufficiently large to allow rapid stress-corrosion
cracking over a spatial extent equal to the critical flaw size of 'I-0.01 in. To act as
surface defects in a tension test, such regions must be located within 6Z0.01 in. of
the specimen surface. We can then estimate the number of such impurity-rich regions
per unit volume as NV=NA/6=2xlO 2 in. - 3. Estimating plastic zone size Rp from the
relation:

1

R~pz - -(3)

6. RANERJI, S. K., McMAHON, C. J., Jr., and FENG, Ff. C. Intergranular Fracture in 4340.Type Steels: Effects of Impurities and Hi'drogen. Met.
I ram. A. v. 9A, 1978, p. 237-247.

7. K ,MI DA, I.. and McMAItON. C. J., Jr. Te Effects of Sb, Sn, and P on the Strength of Grain Boundaries in a Ni-Cr Steel. Met. Trans. A,
v. 12A. 1981. p. 31-37.

8. CART.R. (. S. Iic tffect of Heat Treatment on the Fracture Toughness and Sub ritical Crack Growth Characteristics of a 350-Grade Maraging
Steel. Met. Trans.. v. 1. 1970, p. 1551-1559.

9. TIFFANY, C. F., and MASTERS. J. N. Applied Fracture Mechanics. ASTM STP 381, 1965, p. 249-278.
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gives plastic zone volumes of l.5x0 -4 in. 3 and 8.1x10-8 in. 3 for our KIC and KISCC

specimens. The probability of encountering a defect in the plastic zone of these speci-

mens is then 2.5x10- 2 and 1.3xl0 - 5 , respectively. Hence the lack of abnormal (anisotropic)
behavior in the sharp crack tests is consistent with the sparseness of the defects which
account for the anomalous behavior of the tension specimens. If the same defects causing
stress-corrosion cracking at tension specimen surfaces can cause intergranular fracture

under impact conditions, the 10-2 in.3 plastic zone of a Charpy bar represents suffi-

cient volume to contain such defects accounting for the anisotropy of Charpy impact
energies. A similar discrepancy between the behavior of sharp-crack and blunt-notch
specimens has been noted in studies of the influence of high austenitizing temperatures
on toughness.1 0  It is clear from these results that sharp-crack tests cannot be expect-

ed to adequately characterize the fracture behavior of inhomogeneous materials; embrittle-
ment phenomena such as that considered here will require tests which sample a sufficient
volume of material to incorporate the operative defects.

While the results shown in Figure I demonstrate that embrittlement is most severe
in heats such as Al and A2 which have abnormal impurity contents, it is clear that em-
brittlement is also present (at high hardness levels) in heats like A3 and Cl which show
no such compositional abnormalities. Although it is quite improbable that one of the
highly potent defects responsible for premature tensile failures could be found in the
small specimens on which the Auger analysis was run, one might expect to find less potent

examples of the same underlying segregation phenomenon. The Auger results then suggest
that the segregation of phosphorus and sulfur is primarily responsible for embrittle-
ment in the heats of "normal" composition.

The sparseness of the potent defects suggests an origin in a solidification segre-

gation phenomenon of coarser size scale than normal microsegregation. A defect density

of 102 in. - 3 might be more characteristic of macrosegregation phenomena such as the
"channel" defects or "freckles" attributed to gravitationally-induced instabilities in

interdendritic fluid flow. 1 ,12 An issue of concern throughout this investigation has
been whether the embrittlement phenomenon is peculiar to, or enhanced by, ESR process-
ing. While it is not at all clear at this time whether ESR promotes channel-type seg-
regates or other such macrosegregation phenomena relative to other ingot processes, the
results from heat E (Table 3) indicate that the anisotropic embrittlement can be found
in VIM material as well. Similar behavior has also been encountered in conventionally
air-melted armor steel (RHA).* There is currently little basis for comparison with
other processes such as vacuum arc remelting (VAR) due to the unusually high hardness
level of interest here and the general lack of short transverse property data. Further
studies are planned involving a split-heat comparison of ESR and VAR materials.

It is well established that the same grain-boundary impurity segregants responsible
for brittle intergranular fracture under impact conditions promote intergranular stress-
corrosion cracking. 5 There is also mounting evidence that the underlying mechanism of
stress-corrosion cracking in high-strength martensitic steels is hydrogen embrittlement
through cathodic charging at the crack tip. 13 Failures related to internal hydrogen in

*DeSISTO, T. S., ANCTIL, A. A., and KULA. E. B. Army Materials and Mechanics Research Center. unpublished research, 1977.

10. RITCHIE, R. 0., FRANCIS, B., and SERVER, W. L. Evaluation of Toughness in AISI 4340 Alloy Steel Austenitized at Low anad High
Temperatures. Met. Trans. A, v. 7A, 1976, p. 831-838.

11. FLEMINGS, M. C. Principles of Control of Soundness and Homogeneitv of Large Ingots. Scandinavian Journal of Metallurgy, v. 5, 1976, p. 1-15.
12. MEHRABIAN, R.. KEANE, M. A., and FLEMINGS, M. C. Experiments on Macrosegregation and Freckle Formation. Met. Trans. . v. 1, 1970,

p. 3238-3241.
13. SANDOZ. G. A Unified Theorv for Some Effects of Hldrogen Source. Alloiing hlements. and Potential on Crack Growth in Martensitic

AISI 4340 Steel. Met. Trans.. v. 3, 1972, p. 1169-1176.
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plated helicopter components may thus reflect the same basic embrittlement mechanism,
consistent with the intergranular fracture of the hydrogen-charged specimens on which
the Auger analysis was performed. Regardless of the source of hydrogen, internal or
external, the same microstructural defects can be expected to control failure. Ani-
sotropy of internal hydrogen embrittlement behavior will be investigated in the planned
ESR-VAR comparative study.

Whatever the exact origin of the impurity-rich defects encountered in this study,
it is clear the homogenization treatment is a viable approach to their mitigation.
Based on the measured diffusivity of phosphorus in austenitel4 and the interband dis-
tance in the forgings, the brief homogenization treatment applied to the Cl material
(Figure 10) would be more than sufficient to homogenize phosphorus if it were the only
diffusing species. The treatment would not be sufficient to homogenize the slower-
diffusing alloy elements like Ni and Mn, which can promote cosegregation of boundary
impurities.1 5 The results of Figure 10 indicate, however, that the degree of homogen-
ization obtained is sufficient to restore very nearly isotropic properties.

The improvement of properties in the Cl-d material forged at 2300°F is likely also
due to some homogenization. An investigation of "overheating" effects related to dis-
solution of sulfides and reprecipitation on grain boundaries revealed that this form of
embrittlement is encountered over a very limited range of cooling rates in this steel, 16

and the associated dimpled intergranular fracture is quite distinct from the smooth
intergranular fracture observed here. In addition, anisotropy of overheating embrittle-
ment has been found to be the opposite of that encountered here.

3

A study by Rao4 of the influence of homogenization treatment on the transverse
mechanical properties of 4340 bar material tempered at 1050OF (HRC 37 hardness) showed
a 10% to 20% improvement in Charpy impact energy, and a 5% to 7% increase in reverse
bending (R=-I) fatigue strength. These are rather modest improvements relative to the
cost of homogenization, and homogenization treatment is generally viewed as unnecessary
for applications of 4340 at conventional hardness levels. In contrast, the lack of a
homogenization treatment at the HRC 55 hardness level of interest here is catastrophic,
due to the greatly enhanced sensitivity to impurities in martensitic steels at high-
strength levels. If other desirable properties such as ballistic tolerance require the
use of these steels at extreme hardness levels, then homogenization, either by suppres-
sion of initial segregation or by subsequent heat treatment, is absolutely essential.

CONCLUSIONS

The anisotropic embrittlement of high hardness ESR 4340 steel forgings is attributed
to an interaction of nonequilibrium segregation on solidification with local equilibrium
grain boundary segregation during austenitizing to produce defective regions of enhanced
grain-boundary impurity segregation which are oriented during forging. The segregated
impurities, primarily phosphorus and sulfur, cause intergranular fracture under impact
conditions and abnormal sensitivity to environmental attack during low strain rate deform-
ation. The defective regions are sparsely distributed such that the anisotropic embrittle-
ment is encountered only in tests which sample a sufficient volume of material, i.e.,
smooth-bar tension and blunt-notched toughness tests; the anisotropy is absent in sharp-
crack tests. Isotropic properties are restored by a homogenization treatment. For
application of such steels at extreme hardness levels, homogenization is essential.

14. SEIBEL, G. Diffusion du phosphore dans le fer. Academic des Sciences Comptes Rendus, 256, 1963, p. 4661.
15. GUTTMAN, M. Equilibrium Segregation in a TernarY Solution: A Model for Temper Embrittlement. Suff. Sci., v. 53, 1975, p. 213-227.
16. BOLDY, M. D., FUJII, T., POURIER, D. R., and ILEMINGS, M. C. Sulfide Inclusions in Electroslag Remelted Steels. Massachusetts

Institute of Technology, Final Report, Contract DAAG46-78-C-032, AMMRC TR 814, January 1981.
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