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Abstract

The transverse (T-L) and longitudinal (L-T) mechanical properties

of Electroslag Refined (ESR) and Vacuum Arc Remelt (VAR) 300-M steel

were measured, These were related to the microstructural and chemical

differences which resulted from the two melting processes, It was

found that the ESR process resulted a cleaner steel. Impurity

elements were reduced and inclusions were and more evenly dispersed,

The Charpy impact energies of the ESR steel were nearly doubled those

of the VAR, Also the fracture toughness of the ESR 300~M showed no

temper embrittlement in the 350 to 5000 C tempering range whereas that

of the VAR material did,
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I. INTRODUCTION

The increasing demands of the aerospace industry and the itary

for improved performance, especial in terms of ss, materials

of high strength has lead to the invest ions of melting and casting

processes which result clean steels. l ,2 One such process, the

electroslag refining (ESR) technique, has been receiving increasing

attention recently. The ESR process a steel low in impurit

such as sulphur3- 6 and also reduces the size of non-metall inclusions. 7

The improvement in cleanliness is expected to result in an in

toughness of the steel. An objective of this study was to characterize

the mechanical properties of an ultrahigh strength steel manufactured

by two different processes, namely the ESR process and the vacuum arc

remelt (VAR) process.

An increase in yield strength of a steel is generally associated

with a decrease in .8,9 However, it has been demonstrated

that, through control of metallurgical and microstructural variables,

an se in fracture toughness without a significant decrease in

yield strength is possible. lO Among the microstructural features

which t toughness are the nature of the martensitic structure

(dislocated vs twinned),ll,12 retained aus at lath boundaries,lO

the size of the grains13 ,14 and the presence of phases such as primary

fe~r which leads to so called duplex microstructures. IS These

microstructural features can be controlled by heat treatments. Also

has been reported that the cleanl of a steel can significantly

affect mechanical The ESR process has been shown



to decrease inclusion
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and volume fraction and distribute the

remaining lusions more

The ESR process 1S a re process where a consumable

electrode is melted such that ets of molten metal pass through

a refining s layer which usually based on calcium fluoride (CaFZ)

as the primary const and calcium oxide (CaD) to promote desulphur-

10n, The ingot is continuously solidified in a water cooled mold.

The process is illustrated 1. This technique 1S icularly

efficient removing sulphur and proper slag control, phos~

phorous can also be removed,l6 Due to the slag layer on the molten

metal pool, ingot wall and the water cooled mold, vertical dendritic

growth is promoted. l7 ,18 Ca defects such as shrinkage, axial

porosity, ingot surface ity, and zonal of elements

are inhibited. l9 ,20

The vacuum arc remelt (VAR) process is a refining process

and can also result in clean steels. However, conventional casting

techniques have to be used which can result coarse dendrit structures

to the ESR method. However, a signi

and other cast defects, The process also expensive as

amount of steel is made

by the VAR process th and the mechanical properties of

process have been characterized. In con~

of ESR steels have not been fully

st to characterize the properties

of a steel manufactured by the ESR process and compare properties

of those of the equivalent steels manufactured.by the VAR process,
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The steel chosen was 300~M, a material known for potentially

good strength~toughness combinations, Also the VAR 300-M has already

been character to a extent other investigations,2l.22

Special attention was placed on the determination and comparison of

transverse and longitudinal properties.
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II, EXPERIMENTAL

1, Material

The VAR 300-M was obtained as commercial aircraft quali steel

in the form of a 4 in, x 4 in, billet that had been forged and then

homogenized, Part of the billet was cut and forged to 1 in. thick

plate, imens for the longitudinal and transverse direction were

cut from the forged Figure 2(a) shows the orientation of the

compact tension specimens with respect to the rolling direction,

The ESR 300-M was provided by the Army Mater s and Mechanics

Research Center, The ingot was produced as a 300 lb heat which was

annealed at 13000 C for 24 hr, forged and flame cut to a reasonable

s for shipping, Specimens were cut from the forged plate.

The chemical compositions of the VAR and ESR 300-M are given

in Table 1,

2, Heat Treatment

Heat treatments were carried out on rough machined fracture toughness,

round and flat tensile, and Charpy V~Notch specimens, The heat

treatments consisted of (1) austenitizat at for 1 hr,

suspended in a vertical tube furnace in an argon atmosphere

(Fig, 2(b»,(Z) quenching in agitated oil, and (3) tempering for I hr

at various temperatures up to in molten salt baths followed

by cooling to room temperature,
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3,

A, Tensile

Room temperature inal tensile propert were

using ASTM specified round tens specimens and also non-standard

flat tensile specimens, Sketches of the specimens th pertinent

details are shown in Fig. 3. The round tensile specimens were tested

on the 300,000 lb MTS testing system at a constant loading rate of

0.05 em/min. The flat tensile specimens were pulled on a 5000

capacity Instron machine at the same rate. Yield strengths were

determined using the 0.2% strain offset from the load vs crosshead

displacement curves. ion and reduction in area were found

using the round tensile specimens because the small cross

sectional area of the flat tensile specimens resulted in variability

of the area measurements,

B. Fracture toughness (KIC) testing

Room temperature longitudinal and transverse strain fracture

toughness values were determined us ASTM speci compact

specimens, These are shown in Fig. 4. All specimens were

machined with the slot from the I in. thick ESR or the VAR billet

described in the proceeding section, They were then heat treated

and ground to specificat A 0.008 in. slot was cut with

an abras wheel to faci the introduction of the fatigue crack.

point unless noted.
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Precracking was done using a 300,000 lb capac MIS testing

machine at 8 cycles per second. Crack lengths were within ASTM

specifications and the displacement was monitored with a crack opening

displacement (COD) strain gage.

C. Charpy impact testing

Charpy blanks were heat treated, ground to dimensions, and the

notch inserted. is shown in Fig. 5. All tests were conducted

at room temperature. VAR longitudinal Charpy data were compiled from

work done at this laboratory2Z,24 and by the author where verification

and more data were required.

4. X-Ray Analysis

Volume percentage of retained austenite was determined with

an X~Ray Diffraction un using procedures described elsewhere,25 and

by the magnetic saturation technique. 26 X-ray analysis on the

diffractometer used specimens cut from the center of the compact

tension specimens; these were ground on successively finer papers

and polished at l~, then etched in 100 m HZOZ + 5 m HF solution

for 5 min, then repolished lightly on a l~ diamond paste. The etching

was done to remove disturbed metal.

5. Optical Metallography

Samples for optical metallography were obtained from the compact

tension specimens. These were mounted in bakel , ground on success~

ively papers to 600 grit, and polished on the 6~ and l~ diamond

paste wheel. The ma was etched with a 2% nital solution to

reveal the microstructures. Banding of the VAR mater was seen
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using the same nita I etchant. The ASTM grain size was determined

by comparison to standard plates.

6.

An AMR scanning electron microscope at 20 kV was used to examine

the fracture surfaces of the compact tension specimens and Charpy

bars.

An energy dispersive analysis of x-rays attachment was mounted

on the microscope and used to analyze the artifacts found on the fracture

surfaces. The analysis was facilitated by the use of a small computer

which compared the dispersed x-rays to known standards on preprogammed

tapes.
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III. RESULTS

s

The mechanical propert and tructure of normally cast and

VAR 300-M has been well character in earlier investigations,lO,22

As the aim of this project was a direct comparison between the pro~

perties of VAR and ESR steel, the heat treatments selected were based

on data available in the literature for the VAR steel, An austeni

tization temperature of was used, accompanied by a subsequent

oil quench, Tempering was performed at various temperatures to 650oC.

2. Ingot Cleanliness

Specimens for optical examination were cut from the as-received

VAR billet and the as~received ESR plate. After polishing and proper

etching they were examined for evidence of banding, The microstructures

are shown in F 6 where in (a) banding in the VAR material was observed

and in (b) a noticeable lack of banding was present in the ESR material.

Specimens taken from three different sections of the ESR plate showed

no significant banding through some banding was seen later in a few

of the tempered specimens,

A metallographic examination for inclusions was also made on

samples austenit for 1 hr at 9000 C and oil quenched. The results

are shown in Fig, 7; Fig. 7(a) and (b) shows the ESR 300-M and

VAR 300~M respectively after a l~ diamond wheel polish, These

inclusions in these samples were analyzed on the EDAX~SEM and were

found to be MnS,
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3. Mechanical Behavior

A. Tensile properties

Yield strength, ultimate tensile strength (UTS) , percent reduction

in area, and percent elongation are I ted in Table 2. It was observed

that the UTS valves were nearly the same for each process with similar

heat treatments. The yield strengths also ibited approximately

the same behavior. Elongation and reduction in area are graphed in

Fig. 8. The elongation for the VAR after tempering at 5000 C showed

a marked drop. This corresponds to the same temperature range where

a drop in the KIC was observed.

B. Fracture toughness, KIC

Plane strain fracture toughness for the longitudinal and transverse

rolling directions of both VAR and ESR 300-M were determined and the

results are summarized in Table 3. The data are shown graphically

in Figs. 9 and 10. It shown in Fig. 9 that there was a marked

difference in the longitudinal and transverse KIC values at the same

strength levels for the VAR 300~M. The longitudinal section exhibited

higher Krc values, the most pronounced difference being in the tempering

temperature region of 350-4500 C. Figure 10 displays the ESR longitudinal

and transverse KIC' There is 1 tIe difference between the longitudinal

and transverse Krc values over the whole tempering range.

C. Charpy impact energy

The room temperature Charpy impact energy, Cy, data are given in

Table 4 for the VAR and ESR material. The results are also shown in

Fig. 11. There a

with the two processes.

difference the energy absorbed associated

The ESR 300-M in the transverse orientation
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and Cv values 10 ft~lb higher in nearly all instances than those of

the transverse VAR spec The ESR material also exh higher

values of Cv in the longitud orL~"b©'b

There was a decrease in the Cv values in the 500°C tempering

range. This was noticed in the ESR transverse and longitudinal and

the VAR longitudinal orientations. The transverse VAR showed only a

slight decrease from the peak toughness at 2000 C. For all orientations

there was a recovery of impact energies above 500°C.

4. Retained Austenite

The percent retained austenite as determined by the X-Ray

Diffractometer is graphed in Fig. 12 for the VAR steel. The as-quenched

condition had a h percent of retained austenite. As tempering

occurred, increasing amounts transformed until at 500°C there was

virtually 00 retained austenite present.

A. Fracture surface morphology

The fracture surfaces are shown in . 13 for the VAR transverse

sections. the fracture surfaces for the as-quenched, 200°C, and 3000C

temper conditions displayed mostly rupture and some quas leavage.

Following tempering at 4000 C. the amount of quas leavage increased.

and following the 500°C temper. the fracture mode was predominately

intergranular with some decohes between grains. Note should be

made of the lIinclusion Fig. 13(a) labeled "AC. 1i

5, Microstructural Charac

The austenite grain s was determined to be ASTM No. 7

for both the VAR and ESR material, Since the same austenitL~~6LVu

temperature was employed throughout the study only two determinations
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were made. However, whenever possible the grain was examined

for deviation from this expected s and none was found.

Micrographs of the ESR 300~M are shown in Fig. 15. The microstructure

was mostly martensitic in the as-quenched condition with a typical

acicular structure. The 300°C and 400°C temper conditions show the

tempered martensitic structure also. Figure 15(c) shows the 500°C

temper condition where the precipitation of the Fe3C has become

pronounced. The microstructures observed for the VAR steel were nearly

identical.



12

IV. DISCUSSION

Two of the most important process variables 1n the production

of steel which affect the mechanical properties are cleanliness

and surface quality. Specifically chemical impurities and inclusions

have a major impact. It has been known for some time that impurity

elements such as Sand P have an adverse effect on notch toughness.

It is thought that Sand P concentrate at the prior austenite grain

boundaries as thin films which reduce the toughness by causing a loss

of cohesion,28,29 Also, dendritic microsegregation can lead to paths

of easy crack propagation by causing a small region at dendrite

interfaces across which the chemistry is inhomogeneous. 27 Inclusions

can act as crack initiators due to the stress concentrations at the

matrixinclusion interface30 and the distribution of inclusions has

been linked to the fracture toughness. 27

1. The Effect of Reduced 1es

Temper embrittlement occurs quenched and tempered steels as

they are slowly cooled through the 5500 C to temperature range,

The embrittlement is due to a loss of cohesion at the grain boundaries

and is believed to be caused by the segregation of tramp impurity

elements such as phosphorous to the grain boundaries austeniti~

zation, These impurities precipitate when cooled through the temperature

range mentioned above,31-33 The ESR process significantly. reduced

the phosphorous content, from 0,012% (in the VAR steel) to 0,006%,

The effect on the toughness is best illustrated Fig. 16. The VAR

material in the 350-550oC ~ng range suffered a severe loss of

toughness while the ESR steel not, This also shown in Fig, 8.
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The VAR steel exhibited a decrease in the reduction of area the

same temper range. The fracture surfaces of the transverse specimens

show same effect the

Figs. 13 and 14, F 13 of the VAR material and 14 is

of the ESR mater as the sequence of room

temperature, 300, and The fracture surfaces of the as~

quenched specimens showed primarily the dimple rupture mode with some

cleavage. Dimples are the result of coalescence, i.e.,

the decohesion of les the matr and the subsequent growth

until one void joins another. Where no particle was observed in a

dimple it could have been formed around a small which was

either too small to be detected, or removed during sample preparation .

The VAR material in the as-quenched

some evidence of void formation around a MnS

. 13(a» showed

icle. The inclusion

stringer is labeled "AC. ii It is seen that a MuS part Ie sits

in the void that formed around Generally, the VAR material ex-

hibited a coarser dimple structure than the ESR steel for

the same as~quenched condition ( ). The ESR shows dimples

with some qua leavage. These dimples are associated with fewer

and finer inclusions and carbides.

The fracture surfaces 1n the condit shown

Fig. l3(b) for the VAR with more quas

cleavage and some evidence of tear The ESR mater

shows more quas This difference is

1 in Fig. l4(b)

in Fig. 16

which compares fracture toughness of the ESR and VAR mater It
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was found that the ESR steel had a slightly lower KIC at 3000 C than

the VAR steel.

In the 400 0 C condit the VAR steel had a much lower

KIC value than the ESR steel. This is shown in 16 for the

transverse orientations. This was probably due to the onset of temper

embrittlement in the VAR material. The fracture surfaces showed this

effect. Figure 13(c) shows the grain boundary decohesion associated

with temper embrittlement at 4000 C for the VAR steel. Figure 14(c)

contrasts the difference. In the same condition the ESR steel shows

a dimple rupture mode of fracture. Above 4000 C there is a general

recovery of toughness for the VAR steel and this is seen in . 13(d)

and 14(d). The fracture surface morphology showed approximately the

same mode of fracture for both materials.

These results supported the conclusion that the phosphorous may

have segregated to the prior austenite grain boundaries in the VAR

material. The ESR process eliminated enough phosphorous such that

temper embrittlement was eliminated at this grain s The explanation

for this was as follows: as the grain s increased the surface area

decreased so that for a given amount of an impurity, a smaller amount

was required to cause embrittlement.

ion Contentsion in Inc2. The-----------------------
As was mentioned above, inclusions act as crack initiators which

can lower the toughness present in higher concentration and a coarser

distribution. The lusion spacing. which is a measure of these

two things. has been related to the toughness Qy Kra He found

a correlation between the calculated zone size and the measured inclusion
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spacing for a S steel :in that the concentration

will lusions and a coarse reduced

impact It was expected that a of the Ius

and/or a reduction the contents, such as S, would lead

to higher impact values. This seen . 11. The ESR material

which had fewer inclusions also had higher impact energies throughout

in toughness for a steel which had decreas

the temper sequence. Pell that there was a difference

amounts of sulphur from

0.049% to 0.008%. The decrease in sulphur concentration in the present

study was not as dramatic but was half from that produced by the VAR

process and this would be expected to affect toughness. The slag

layer the ESR process can be ted in chemical compos to

remove sulphur. 22 ,29 The reduc in sulphur reduces the inclusion

content. The inclusions in the ESR and VAR materials were found to

be MnS; however, the ESR steel had significantly fewer inclusions

as seen :in . 7. The ESR process also caused the lusions that

on the wall and is continuously cooled such

. 1). The

remained to be in a

the impur

mold has a slag

and collect

The metal droplets

(see

through

defects are inhibited which resultsthat porosity and other cast

:in fewer.and also not . 7.

The s and number of control the longitudinal and

These

t ofThe

ly

form sheets upon

, espec

Ius

for crackan easy

transverse mechan

As mentioned

sheets

orientation can be seen F 9 for the VAR mater The values
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were very sensitive to orientation particularly between

The effect of reducing the inclusion count can be seen

and 5000C.

Fig. 10

where the cleaner ESR material showed very little sensitivity to crack

orientation. This is further demonstrated in Fig. 11 which shows

that the transverse and longitudinal Cv values for the ESR 300~M were

nearly equal~ whereas those of the VAR steel sometimes exhibited a

10 ft-lb difference.

Hence, the Cv values demonstrate the two effects of reduced inclusion

content. The first is that the crack orientation a cleaner steel

is less sensitive to crack propagation. Thus the ESR 300-M, which

a cleaner steel, had equivalent Charpy values in the longitudinal

and transverse directions. The second effect which was also observed

in the ESR 300-M was that fewer inclusions lead to a higher Charpy

value. This investigation has shown that it possible to improve

the mechanical properties of 300-M by employing the electroslag refining

process in manufacturing.
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V. CONCLUSIONS

300~M had SLOA'L&b~<U'b lower

and phosphorous concentrat than vacuum arc remelted counterpart.

2, ESR process reduced the s and number of inclusions,

3, MuS inclus were found the fracture surface of the

VAR 300-M

4. ESR JOO~M was found to be much less sensit to crack or

notch orientation than the VAR 300~M, This may be due to the fewer

inclusions in the ESR material,

5, ESR 300-M had higher than the VAR and this was

probably due to the lower sulphur content,

6, ESR 300-M was insensitive to temper embrittlement due to

lower phosphorous concentration,
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Tablll! 2. The Longitudinal Tensile Properties
of ESR and VAR 300-M

UTS 'field % led %
Elongation

AQ 323.2 264.9 5

200 307 240.3 38 11.4

300 289.3 236.3 45 12.8

400 271.4 237.8 48 13.1

500 242.5 200.3- 46 18.3

600 212.7 195.8 47 21.2

~

AQ 358'" 218'" 11'"

200 304 238 41 13.6

300 292 250 47 12.0

400 274 245 48 13.0

500 230 202 36 12.8

600 188 170 42 12.5

t3 tests - round tens:l.le

"'Ritchie
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Transverse Fracture TOl1ghnests

Temper.
('Ie)

Transverse,
'" (ksi-in1

.6 .6

200 .2 40.7

300 .1 55.0

400 .3 54.3

500 .2 64.3

600 .6 90.0

VAR

AQ .0 .9

200 57.5 .7

300 60.9

400 55 .7

60.0

.0

"'Average three tests

fKQ (apparent); 2 tests
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Energy of ESR and VAR "''''-M

15.0 .5

200 .0

300 .0 19.5

400 .0 .25

500 .5 13.0

600 .5 16.5

VAR

AQ 7.0

200 9.0

300 .5 s.
400 14.5 1.5

500 7.0 6.5

600 12.0 7.0

tests



25

FIGURE CAPTIONS

F 1. Schemat of the electros re process.

2. (s.) Schemat of spec the and rolled

argon

Fig. 3.

Fig. 4.

5.

Fig. 6.

plate. (b) Photograph of vertical tube furnace

cylinder used for heat treatment of specimens.

Sketch of compact tension

Sketch of round tensile spec

Sketch of Charpy impact specimen.

Optical photomicrographs comparing the microstructure of

the (a) VAR 300-M and (b) ESR 300-M in the as~received condition.

Fig. 7. Optical photomicrographs of (a) ESR Ju~,-n and (b) VAR 300M

1 hI' at 9000 C with an oil quench.after an austenitization

These were polished to IV.

· 8. Plot of the elongation and reduction in area of the ESR and

VAR 300-M.

· 9. Plot of plane strain fracture toughness (KIC' and tempering

temperature for the longitudinal and transverse orientat

of the VAR 300-M.

Fig. 10. Plot of the strain fracture

temperature for the longitudinal and transverse orientations

the ESR

· 11. Plot of the Charpy energy and tempering temperatures

for transverse and longitudinal ... "' ..... ", .. ions the ESR

and VAR 300~M.

· 12. A plot of the

temperature the ESR 300-M.

austenite and tempering
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Fig, 13, Fracture surfaces of the VAR

at 900°C for 1 hr, 1 for (a)

(b) , (c) • and Cd)

temperature, AC in (a) shows an inclusion 1,

Fig, 14. Fracture surfaces for the ESR 300~M after austenitization

at 900°C for 1 hr, oil quench for the temperature cond ions

of (a) as~quenched, (b) 300°C, (c) 400°C, and Cd) 500°C,

. 15, Optical photomicrographs of the ESR after aus ion

at 900°C for 1 hr in the temperature conditions of ) as

quenched, Cb) 300°C. (c) 400°C. and Cd) 500°C,

Fig, 16. Plot of plane strain fracture toughness. KIC'

and VAR 300-M materials the transverse

the ESR
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Fig. 2
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Fig. 3
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