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EFFECT OF ACCELEBATED CCOLING £PTER HOT-ROLLING O“ THE
= FO!CEMD ~BAR DRquRTIEb OF ’”1? PLATL qIE

The notched~par properiize of ship pilate steeis reheated to
teuperatures above 1500 F are arfected ©y the rate at which they
conL Lo rocm Lempsrature. Frevious work at Bsttelle showed
that cooling in an alvr Vlast prodiced betier properties than
giower cocling rates. This suggested that Taster cooling from
the hot-reliing operaticon might izprove the properties of ship
vlate steels. Work st Inland Stesl Company{2) indicated that
changing the rate of cooling between 1100 and 129 F does not
significantly affect the properiiez of semikiiled steels. It

appeared, therefore, that cosiing rates at temperatures above

stsels of conventional ehip plate compositicn were used for the

in ovder to develop a microstrueture of ferrite end veariite in
the final plate. The lates were <ooled to roum temperature in

air after the time-guenching tieatment. Kerboie Charpy and tear

tests werg made on samples freom plates cooled from the final

rolling pass at Tour different rates.

*Edo Netes Attenticn 1s directed to the Taoet that the
Dethlehem 5teel Company mey have £iled an arplicasion for
patzntsd on & process for improving the noteh toughness of
ship plate steel Ty ascelerated cooiing from the finishing
ke &)

Je ] 1n the hotmro_“,_H creratic.

[=.
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EXPERIMENTAL WORK

Cooling Rates. Before planning the experimental work, it
seemed desirable to estimate the cooling rates pfoduced by
guenching and air cooling 3/4%-in. plates. For this purpose a
thermocouple was welded in the bottom of a hole drilled to the
center of a 6- by 12-by 3/4-in. plate, as shown in Fig. 1. Tem=~
perature measurements by this method gave the cooling curves
shown in Fig. 2. Water quenching gave an average rate of 20 F
per second, compared with 0.7 F per second for air cooling in the -
range from 1850 to 1300 .F.

The brcoken lines in Fig. 2 show cooling rates estimated for
three interrupted quenches. Subsequently, stock for the investi-
gation was produced by immersing hot-rolled plates for 6, 10, and
25 seconds in water and then cooling in still air.

Materials and Heat Ireatments. Two semikilled steels were
used in the study. These steels were made in a commercial open-
hearth furnace and cast into large commercial slzed molds. The
ingots were rolled to 1 3/4-in. thick plate in a commercial roll-
ing mill. Sectiong of the plate from one ingot were received at
Battelle. The chemical compositions of the steels are shown in
Table 1. Steel W-1 would meet the ABS Class A specification had
it been rolled to plates 1/2 in. thick and ligﬁter. The other
steel could have been rolled to plates over 1/2 in. to 1 in. thick,

inclusive, to meet the ABS Class B specification.
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FIGURE |. TEST PLATE FOR COOLING—RATE DETERMINATION
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TABLE 1. CHEMICAL COMPOSITION OF EXPERIMENTAL
CPEN-HEARTH STEELS

Battelle-

Assigned
Heat Heat Composition, per cent
Number Number Carbon Manganese Silicon Phosphorus Sulfur
64C623 W=1 0.23 0.52 0.09 0.013 0.037
67C658 W-5 0.23 0.78 0.09 0.012 0.025

Note: No aluminum was added to either steel.

The sections of 1 3/4-in. plate were heated to 2250 F and
rolled to 0.9-in. gage, using reduction of approximately 1/6 in.
per pass. In order to insure a uniform finishing temperature,
the 0.9-in. sections were immediately recharged in a furnace held
at 1850 F, After 30 minutes in the furnace at 1850 F, the plates
were reduced to 3/% in. in one pass. Following this final pass,
one plate from each steel was placed on edge on a brick floor,
with a brick separating each plate, and allowed to air cool.
Another plate from each steel was immersed immediately in a water
bath. After six seconds the plate was removed from the water
bath and air cooled to room temperature. A third plate from each
steel was quenched for 10 seconds, and a fourth plate was quench-
ed for 25 seconds. The estimated cooling curves for each plate
are given in Fig. 2. _

Microstructure. Fig. 3 shows photomicrographs of the

structures of air-cooled steel plates used in this study. The



Steel W-5

FIGURE 3 PHOTOMICROGRAPHS OF LONGITUDINAL CROSS SECTIONS

OF AIR-COOLED 3/4~IN. PLATES FROM STFELS W-1 AND
W5
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alr-cocled matgrial had a ferrite-pearlite microstructure closely
resembling that of a hot-rolled mild carbon steel plate. Steel
W-5 shows somewhat more banding of the pearlitic areas due prob-
ably to its higher manganese content.

The microstructure of the quenched plates;was different at
the surface than at the center. Typical microstructures from
near the surface and at the center of the plate from both steels
quenched for various times are shown in Fig. 4 and 5.

The microstructure in the surface layer of the W-1 steel
plate quenched for six seconds consists of unresolved finely
divided carbides in a matrix of ferrite. Some patches of pearlite
were also observed. After longer times in the quenching bath,' the
microstructure in the surface layer consisted of bainite with some
tempered martensite. The longer quenching time produced more tem-
pered martensite. The microstructure at the center of the W-1.
steel plate quenched for six seconcs is very similar to that for
the alr-cooled plate. Longer guenching times produced bainite in
the center of what were the original austenitic grains. The bainite
is outlined by free ferrite.

Plates of Steel W-5, quenched for six seconds, had a ferrite-
pearlite mierostructure throughout the plate thickness. The
ferrite grains and the pearlite patches were much smaller near
the surface than at the center of the plate. The microstructure

of the W-5 steel plates gquenched for 10 and 25 seconds was bainite
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surrounded by free ferrite, with the ferrite outlining what wers
originally the austenitic grains. More free ferrite grains ex~
isted in the center of these plates than near the surface.
Hardness. The average hardnesses of the air-ccoled plates
were 69 and 71 Rockwell B for Steels W-1 and W-5, respectively.
These plates had uniform hardnesses from one surface to the other
and from edge to edge, whereas the water-quenched plates were not
of uniform hardness. In the latter the surfaces and edges showed
a higher hardness than the center. The average hardnesses at the
center and surfaces of the various plates from the two steels are
shown in Table 2. The hardness of the water-quenched plates

TABLE 2., AVERAGE HARDNESS OF EXPERIMENTAL
3/4-IN. STEEL PLATE

Type of Cooling From Hardness, Rockwell B

Last Hot-Rolling Pass Center Edges and Surfaces
‘ Steel W-1

As rolled 69 69

Quenched for 6 seconds 70 95

Quenched for 10 seconds 88 105

Quenched for 25 seconds 88 105

Steel W-5

As rolled 71 71

Quenched for 6 seconds 67 90

Quenched for 10 seconds 78 95

Quenched for 25 seconds 88 100
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decreased graduall& from the surface toward the center, with the
hardness gradient extending inward about 3/16 in. from both sur-
faces. The edge hardening, on the other hand, extended somewhat
more than one inch hefore the hardness reached that of the center.
The tear tests were taken so that the notches eut through this
hardened edge. The harder surfaces were present in all specimens
of the water-quenched steel;, since they represent the full thick-
ness of the plate.

The Charpy specimens were taken from the center of the plate
s0 that some of the hardened surface area of the water-guenched
steel specimens was removed. However, the surface hardness of
some thirty specimens from these steels averaged 96 Rockwell B,
while six of the thirty had surface hardnesses over 100 Rockwell
B. This higher hardﬁess of the six specimens probably influenced
their Charpy values but not the shape of the average Charpy value
curves of the steels. The Charpy specimens with hard surfaces
represented only about one-fifth of the bars tested.

Keyhole Charpy Tests. Four keyhole Charpy specimens from
each plate were broken at each 10 F interval throughout the duc-
tile-brittle transition range. Smooth curves were drawn through
the averages of the results at each temperature. From these
curves the temperatures at the 12 and 20 ft-1b energy levels were
determined as criteria for the transition. All specimens were
parallel to the rolling direction and notched perpendicular to

plate surface,
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The keyhole Charpy transition curves and individual test
values for the two air-cooled steels are shown in Fig. 6. The
temperatures at the 12 ft-1b level for Steels W-1 and W-5 are
~10 and -23 F, respectively. When the 20 ft-1lb criterion is
usedy, the transition temperatures are +6 and -11 F for air-
cooled plétes from the Steels W-1 and W-5, respectively. The
transition temperatures measured by the same criteria for the
water-quenched plates are given in Table 3. The average energy
values of duplicate specimens tested at +80 F are also shown
for comparison. The transition temperature at the 12 ft-1b level
was lowered by increasing the quenching time. In the case of
Steel W-1, the transition temperature at the 20 ft-1b energy level
dild not change in a consistent mamner with the time at quench.
This seemed to result from the fact that quenching for different
lengths of time profoundly altered the character of the keyhole
Charpy transition curve as shown in Fig. 7.

TABLE 3. SUMMARY OF KEYHOLE CHARPY DATA FOR PLATES TIME-
QUENCHED FROM THE LAST HOT-ROLLING PASS

Impact

Transition Temperature, F Value
12 20 at 80 F

Steel Ft-1b Ft-1b Ft-1b
W=1 Air-cooled -10 +6 34,5
Quenched for 6 seconds -30 -25 42.0
Quenched for 10 seconds -36 -15 L, 0
Quenched for 25 seconds 45 -6 25.5

W=5 Air~cooled -23 ~-11 37.0
Quenched for 6 seconds -26 -1k 31.5
Quenched for 10 seconds -31 ~20 31.5
Quenched for 25 seconds -~35 -26 37.0
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One Important observation was that the transition tempera=-
tures for the guenched plates were always lower than those for
the air-cooled plates.

The keyhole notech Charpy properties of 3/4-in. semikilled
steel plate were, therefore,; improved by time-quenching in water
for time intervals of 2% seconds or less.

Anfluence of Quenching on Tear Test Properties. Sixteen

Tear tests were also made on stock from plates representing each
condition. These specimens were broken at various temperatures

to determine the transition temperatures. For this purpose the
transition temperature was defined as the highest temperature
wnere at least one specimen was brittle., No more than four speci-
mens were tested at one temperature., Brittle specimens were those
with fractures indicating that more than half of the cross section
falled by cleavage rather than shear. This criterion for defining
the transition temperature has been used by many investigators

and was used in this investigation in order to conserve stock.

The information obtained in each test is shown in Table A-4 of the
Appendix. The tear test data are summarized in Table L.

In most cases time-quenching the hot-rolled plates in water
lowered the transition temperature determined by tear tests. The
maximum improvements amounted to 30 F for Steel W-1 and 40 F for
Steel W-5. In general, inecreasing the length of the quenching time

lowered the transition temperature. The exception to this statement
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is the plate of W-1 which was quenched in water for 25 seconds
before alr-cooling. This plate had a higher transition tempera-
ture than the plates which had been guenched for shorter times
or air-cooled from the last hot-rolling pass. The transition
temperature for the plate:of W-5 which had been quenched for

6 seconds could not be determined because of a shortage of ma-

terial.

SUMMARY

The results of thils work may be summarized as follows:

(1) Water quenching 3/%-in. plates for six seconds did
not raise the hardness in the center of the plate.
Longer quenching times incrzased the center hard-
ness, an indication that the ultimate strength of
the plate was increased. The hardness at the edge
of all plates quenched was approximately 95 RB,
with the higher carbon steel having the highest
surface hardness.

(2) The microstructure of the center of plates, quenched
for periods longer than six seconds, was no longer
typlcal of as-rolled steel but, instead, tended to
show ferrite outlinlng the original austenite grain
areas. The centers of the guenched plates also

showed some Widmanstidtten structures.
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(3) The transition temperature, when the 12 ft-1b
keyhole notch Charpy criterion was used, was
lowered by quenching the plates from the last
hot~rolling pass. Longer quenching times gave
lower transition temperatures. The higher
manganese Steel W-5 appeared to be more adaptable
to quenching than Steel W-1, since the shape of
the keyhole-Charpy transition curves for Steel
W-5 was not altered by quenching.

(4) 1In general, increasing the length of the quench-
ing time lowered the tear test transition tempera-
ture. An exception was the plate of Steel W-1
which was quenched in water for 25 seconds before
being air-cooled. This plate had a higher transi-
tion temperature than the plates which had been
quenched for shorter times or air-cooled from the

last hot-rolling pass.
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TABLE A-1. KEYHOLE CHARPY TEST DATA FOR
AIR-~COOLED STEELS

Testing
Steel Temperature, Charpy Value, ft-1b

Number F Test 1 Test 2 Test 3 Test 4+ Average
8w 1 -30 ) L 8 ' 3
=20 4 E 3 6 o3

=10 18 6 3 20 11.5

0 18 19 17 18 18.0

10 19 221 25 20 22.0

20 22 27 21 13 20.8

30 27 26 28 30 27.8

80 35 34 34,5

8W 5 -50 3 5 3 3 3.5
—EO 7 5 L 4 Z.O

-30 5 5 L 5 .8

-20 19 5 18 13 13.8

-10 6 24 29 23 20.5

0 22 26 2k 27 24.8

80 [y 34 37.0
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TABLE A-2, TEAR TEST DATA FOR AIR-COOLED STEELS
Energy, ft-1b
Maximuam To To
Testing Load . Stars Propagate Per Cent Shear in
Temperature, F  Pourds Fracture Fracture Fracture
Steel 8W 2
50 41,650 961 33k 30
50 43,150 950 117 3
50 4] ,200 961 142 5
50 41,900 961 508 60
60 375350 790 125 5
60 38,050 833 167 16
60 375700 852 %92 55
60 375950 750 75 5
70 40,700 875 700 90
70 39,850 790 750 100
70 38,700 891 450 53
70 38,650 775 83 18
80 375500 808 508 68
80 374500 700 665 89
80 37,150 790 665 88
80 38,100 750 100 30
90 395750 82l 725 100
90 04350 891 665 95
90 36,200 73% 675 83
G0 37,500 725 200 33
100 36,400 757 700 98
100 37,150 725 633 83
100 35,200 707 650 90
100 36,000 642 681 95
Steel 8W ©
40 41,200 833 590 68 .
40 41,150 876 675 90
Lo 41,159 €33 665 91
40 40,850 833 500 52
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TABLE A-2. (Continued)

Energy, ft=-1b

Maximum To To
Testing Load, Start Propagate Per Cent Shear in
Temperature, F  Pounds Fracture Fracture Fracture
Stee W

50 355550 715 616 99

50 36,4200 750 600 95

50 3745700 790 625 90

50 41,350 860 725 92

60 40,250 833 700 83

60 %0,900 860 658 83

60 40,850 885 690 90

60 42,050 92% 316 30

70 39,200 - - 86

70 39,800 784 715 88

70 39,600 790 675 96

70 1,200 900 675 87
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TABLE A-3. KEYHOLE CHARPY DATA FOR STEELS QUENCHED
IN WATER AND THEN AIR-COOLED

Testing ] . '
Steel  Temperature, ___ Charpy Vaius, ft-1b
Number F Test 1 Test 2  Test 3 Test & Average
Quenched for Six S=conds
ASW1 ~50 3 3 3 5 305
-0 9 L 10 Ly 6.8
~30 5 28 5 6 11.0
-20 27 30 25 21 25,8
=10 27 29 oK 26 26.8
0 29 29 29,0
80 39 L5 4o,
ABW 5 Ty 6 Y 5 6 5.3
~30 8 5 ik oo
19 12 1 o:\)
=20 12 20 7 8 11.8
=10 21 i5 2% 26 20,8
0 28 26 27 27 27,0
80 30 33 31.5
guenched for Ten Secondg
BRW1 -60 5 10 3 5.3
-50 7 I 15 i o5
R 1T 28 21 3 5 14,3
-20 26 26 b 25 20.2
=10 33 o4 6 29 23.8
0 9 28 29 7 i8.3
10 28 2 32 35 3063
80 L5 43 o0
B8W 5 =50 L 2 5 3 3.8
R 5 0 6 5 703
=30 L 5 5 28
26 3% 16,5
-20 6 30 6 32 18.0
-10 9 32 31 31 25.8
0 33 29 33 30 31.5
80 32 31 31.%




=20o

TABLE A-3. (Continued)

Testing _
Steel  Temperature, Charpy Value, ft-1Db

Number F Test 1 Test 2 Test 3 Test 4 Average

fuenched for Twenty-Five Seconds

C8W1 =60 9 L 5 3 5¢3

-50 22 11 6 20 14.8
=20 15 20 11 27 18.3
-10 10 29 27 20 21.5
0 18 30 26 8 20.5
0 on 87

20 1 1 .
80 ol 27 25,5
Cc8w 5 =50 L L 5 L 4,3
=40 5 7 L 26  10.5
=30 6 23 14 6 12.3
=20 12 2k 33 27 24,0
-10 30 29 33 32 31.0
0 32 36 34,0

80 36 38 37.0
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TABLE A-4%., TEAR TEST DATA FOR STEELS QUENCHED IN
WATER AND THEN AIR-COOLED
‘nergx, t=-4D Fer

Testing Maximum Toh ItTo ‘ Sheg%nf

Steel  Temperature, Load, Start Propagate in
Number P Pounds Fracture Fracture Fracture

guenched for Six Seconds

ABW1 4o L4, 600 900 13 3

hl 500 915 20 16

50 45200 918 768 75

44 400 833 100 32

60 ho 200 800 500 55

h3 200 766 133 15

70 hl 800 961 13 18

44 000 935 73 90

80 ho 700 875 734 100

%3, 600 958 92 23

h5 300 885 885 100

hl 250 915 690 82

90 nz 000 824 800 97

41,550 015 891 98

41 » 450 815 860 99

40 800 961 1533 97

ABW 5 -30 39,350 808 117 7

~20 38 000 584 590 59

37 150 600 690 63

a 665 633 73

2, ooo 766 133 5

=10 9 200 8L 383 30

2, ’ 000 o5 600 83

38 550 750 725 80

38 200 690 575 77

0 39, h5o 650 642 80

10 37, 350 684 642 80

20 ho 633 766 90

30 36 500 665 658 oL

L0 38 700 600 642 85

50 37, h50 53% 633 93

h f T Secorn

B3W1 30 64,200 866 67 5

65 000 800 100 6

69, "%00 1100 133 1
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TABLE A-%, (Continued)

Ener ft=-1b Per Cent

Testing Maximum To To Shear

Steel Temperature, Load, Start Propagate in
Number F Pounds Fracture Fracture Fracture

nched for Ten Second Cont

B8W1 40 61,600 1000 534 63
61 800 665 133 5
50 49 500 707 750 95
61,600 900 167 11
60 58, hoo 900 67 15
60 200 800 700 93
67 000 800 133 8
63,200 900 234 19
70 51, 1100 700 700 90
60 000 766 766 97
5 800 766 800 88
[t 200 866 800 100
B8W S 30 44,800 800 734 100
5h 100 633 400 L5
59,600 665 67 3
5% , 400 565 33 3
40 57 200 565 100 15
5%,200 500 633 97
50,400 734 367 1&
57 200 600 133

50 51,600 766 665 100
47 500 1020 775 100
51 000 600 734 100
3, 21400 466 433 Py
60 9 000 665 665 99
hé 600 665 800 100
50, 800 433 665 100
L6 4000 665 734 100

e ed T ty=F1i Secopnd
c8w1 50 59,200 600 300 15
: 60 63, 1800 56 67 0)
70 69 200 53 133 0
80 53, 1800 400 67 1
100 56, 400 433 133 0
110 53 4600 633 67 2
59, 1800 900 700 100
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TABLE 2<%, (Continued)

Energy, ft-1b Per Cent
Testing Mayimum To To Shear
Steel Temperature, Load, Start Propagate in
Number F Pound s Fracture Fracture Fracture

Cuenghed for Twentv-Five Seconds (Continued) -

C8W 1 120 60,600 935 300 88
gl 830 LGoO 167 18
130 58 400 600 13 1
h9 800 LO0 33 63

140 51,000 367 53k 100
54,000 53l 3L 100

52,200 367 66 100

5’0 600 L00 565 100

C8w gy 0 54,000 665 266 12
53,000 833 766 90
10 50, 2600 700 665 55
5;,#00 565 800 100
52,400 300 o7

52 200 605 33k 2

20 48, 2400 665 935 100
_ 51, Lroo 565 766 98

48 800 766 73% 99
52, hoo 565 L66 39

30 49 600 665 700 100
48> 4200 665 766 100

51, 2800 633 734 3

52 000 700 633 100

50 SL 000 334 633 100

60 h7 200 658 707 200




