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MICROSTRUCTURES AND PROPERTIES
OF CONTROLLED ROLLED AND
ACCELERATED COOLED MOLYBDENUM-
CONTAINING LINE PIPE STEELS
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ABSTRACT

Modern plate production techniques involv-
ing controlled rolling below the Ar; temper-
ature and, more recently, the development of
equipment for interrupted accelerated cooling
after rolling have made it possible to simul-
taneously reduce the alloy content of line
pipe steels while maintaining their strength-
toughness balance. Several investigations
have been conducted at the Climax Laboratory
for the purpose of using these processing
methods to develop cost effective steels with
strengths sufficient for X-70 to X-80 arctic
grade line pipe.

Arctic grade X-70 line pipe properties
were achieved by intercritical rolling and air
cooling a 0.08% C-1.5% Mn~0.15% Mo-0.04% Nb
steel. X-80 strength was obtained in steels
containing 0.08% C-1.65% Mn-0.3% Mo-0.055% Nb
and 0.08% V. The microstructures observed in
these air cooled steels consisted of mixtures
of polygonal and acicular ferrite, martensite~
austenite (M-A), and various ferritg-cementite
aggregates that could be classified as pearl-
ite or upper bainite. Strength was found to
increase as finish rolling temperature de-
creased, and as total percent reduction below
the Arj temperature increased.

With the use of interrupted accelerated
cooling, improvements in strength and tough-
ness were observed even though finish rolling
temperatures were at or above the Arj tem-
perature. For cooling rates of 5 to 15 C/s (9
to 27 F/s) and stop cooling temperatures of
500 to 600 C (930 to 1110 ¥), the Mo~Nb steels
exhibited X-75 strength levels, while the Mo-
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Nb-V steels achieved strengths considerably in
excess of those required for X-80 applica-
tions. 1In addition, significant improvements
in transverse ductility and notch toughness
were observed compared to intercritically
rolled and air cooled steels, The microstruc-
tures ranged from ferrite + pearlite to mixed
ferrite + bainite + acicular ferrite + M-A
constituent. No significant effects of finish
rolling temperature or stop cooling tempera-
ture were observed over the ranges investi-
gated. The processing variable which influ-
enced properties the most was cooling rate.

INTRODUCTION

Modern steel plate processing techniques
involving controlled rolling into the ferrite
plus austenite fielgl-3 and, more recently,
the development of interrupted accelerated
cooling after rolling4r5 made it possible to
simultaneously reduce the alloy content of
line pipe steels while maintaining a superior
strength-toughness balance. This paper sum-
marizes the results of several investigations
in which these processing methods were em-
ployed to develop cost effective steels for
Arctic grade line pipe in the X-70 to X-80
grade range.

The approach was to employ two base compo-
sitions--one for X~70 and the other for X-80
line pipe~-and to vary the molybdenum content
and processing conditions for each. The X-70
type steels nominally contained 0.08% C,

1.55% Mn, 0.25% Si, 0.04% Nb and 0% to 0.25%
Mo, while the nominal composition of the X-80



type steels was 0.08% C, 1.65% Mn, 0.25% Si,
0.055% Nb, 0.08% V and 0% to 0.30% Mo. Two
types of processing were studied, with the
final plate thickness being 19 mm (0.75, in.)
in all cases: one type was controlled rolling
and air cooling (CR-AC) and the other was
interrupted accelerated cooling (IAC).

EXPERIMENTAL - PROCEDURES

MELTING AND FORGING -~ Twelve laboratory
Steels were prepared as 30 kg (65 lb) heats by
induction melting in an argon atmosphere and
chill cast in steel molds on copper bases.

The compositions of the steels are given in
Table 1. The small titanium addition was to

inhibit austenite grain growth by forming
small TiN particles, The ingots were press

_ forged at 1230 C (2250 F) to slabs 84 to

104 mm (3.3 to 4.1 in.) thick preparatory to
rolling.

ROLLING - The slabs were reheated and
rolled to 19 mm (0.75 in,) plates using a var-
iety of rolling schedules, presented in Tables
2 and 3., Temperatures were monitored at mid-
thickness by embedded thermocouples, The
plates were air cooled after rolling to the
schedules in Table 2, while accelerated
cooling to an -intermediate temperature was
employed after most of the schedules in Table
3. The accelerated cooling was achieved by

Table 1 - Steel Compositions

Climax Calculated
Steel Heat Element, wt. % b
No. | No. C [ ¥Mn [si | Mo Iw | v ]7 [a 1 w P s c.s.‘l“‘3' c &
Controlled Rolled and Air Cooled (CR-AC)
(X=-70 Mo-Nb)
c
1 P2715 |0.083|1.56 |0.18 | 0.16 {0.04) - 0.014 |[0.044| 0.0050 | 0.008 |0.006 | 0.38 770 (1418)
P2785 10.080|1.51 |0.16 | 0.16 [0.040 - 0.022 |0.067 | 0.0046 | 0.011 |0.004 | 0.36 775 (1427)
(X-80 Mo-Nb-v})
P3006 [0.080 |1.66 [0.08|0.30 {0.053}0.079 |0.015 [0.044 0.0048 | 0.011 |0.006 ] 0.43 763 (1405)
2 P3007 10.078 (1.70 |0.09 {0.30 |0.055 [ 0.082 {0.016 |0.038 | 0.0049 | 0.011 !0.006 0.44 760 (1400)
P3008 |0.080 |1.69 |0.09 ] 0.30 [0.055 | 0.080 {0.017 |0.046 ] 0.0049 | 0.011 0,006 | 0.44 760 (1400)
Interrupted Accelerated Cooled (IAC)
{Mo-Nb)
3 P3005A [0.080 | 1.60 0.25 - |0.040 - 0.017 j0.058] 0.0042 | 0.009 [0.004 | 0.35 770 (1418)
P2899 '|0.08L |1.52 [0.29 |0.10 {0.038 - 0.009 [0.041| 0.0042{0.009 j0.005 | 0.35 775 (1426)
4 P2998 10.081 {1.55 {0.28 | 0.10 {0.039 - 0,017 |0.070 | 0.0044 | 6.0112 [0.008 | 0.36¢ 772 (1422)
P2999 {0.080 [1.55 {0.25 |[0.11 [0.039 - 0.011 [0.057 | 0.0040 | 0.010 [0.007 | 0.36 772 (1422)
P2896 10.081 |1.59 |0.28 [0.16 |0.039 - 0.011 {0.072 0.0043 | 0.010 |0.005| 0.38 769 (1416)
5 P2897 |0.081 [1.55 [0.27 |0.15 |0,038 - 0.013 ;0.068 | 0.0045 | 0,009 {0.006 | 0.37 772 (1422)
P2898 |0.081 [1.55 {0.27 {0.15 |0.038 - 0.012 {0.066 { 0.0043 | 0.010 }0.005} 0.37 772 (1422)
6 P3003A |0.080 [1.60 (0.28 |0.20 |0.039 - 0.017 0.069 | 0.0042 | 0,020 [0.004 | 0.39 768 (1414)
7 P300SB }0.079 [1.59 [0.26 | 0.25 {0.04) - 0.016 {0.047 | 0.0040 | 0.010 |0.005 | 0.39 769‘(1415)
(Mo~Nb-V)
8 P3004A {0.080 [1.62 |0.26 - 10.053 | 0.078 {0.016 |0.068 ) 0.0044 | 0,009 |0.004 ] 0.37 768 (1415)
9 P3004B |0.079 [1.62 [0.26 |0.10 40.055 [0.082 |0.016 |0.057 | 0.0046 { 0.010 |0.004 0.39 768 (1415)
10 P3000 |0.080 {1.64 10.26 | 0.15 |0.052 | 0.082 |0.015 {0.051 | 0.0048 | 0.010 |0.007 0.40 765 (1410)
P3001 10.080 [1.69 {0.28 |0.15 [0.051 [ 0.082 {0.014 [0.046 | 0.0042{ 0.011 [0.00s 0.41 762 (1403)
11 P2903 {0,080 |1.69 [0.27 [0.20 }0.051 |0.076 [0.013 [0.058 | 0.0059 [0.0120 |0.006 | 0.42 761 (1402)
P3003B 10.080 |1.66 [0.28 | 0.20 |0.055 | 0.074 |0.022 |0.063 | 0.0040 | 0.010 |0.00¢ | 0.41 764 (1406)
P2912 10.077 [1.66 [0.28 [0.30 |0.054 |0.073 |0.012 [0.044 |0.0044 |0.012 |0.005 [ 0.43 763 (1405)
12 P2913 10.081 |1.68 [0.27 |0.30 [0.055 | 0.074 [0.014 J0.043 | 0.0054 | 0.012 {0.006 | 0.44 761 (1402)
P2902 {0.082 |1.68 [0.28 0.30 |0.052 {0.076 |0.013 [0.067 | 0.0047 | 0.020 |0.006 | 0.44. 761 (1402)

AC.E. = C + Mn + Cr+Mo+V
T T 5

brrom Kawasaki formulaiAr3(°C) = 910-273C-74Mn-5Cu-16Cr-S6Ni-9Mo (ref. 3).
C- = None added and not analyzed.
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’Table 2 - Hot Rolling Data for X~70 Mo-Nb Steels
and X-80 Mo-Nb-V Steels in CR-AC Study

Temperatures, ¢ (F) Accumulated Reductions, %
Rolling Beginning - l Final
Schedule of Finishing | Pass _ [?1040 c (31900 F) | €900 ¢ (<1650 F)| €ars
L %X-70 Mo-Nb Steels
3 760 {1400) 4.3 68.1 16.7
B 745 (1375) l 1.8
c 1150 (2100) | 1040 (1900) 855 (1575) | 730 (1350) l 43.2
D 51,5 62.3 10.0
E 1 €5.4 20.0
P : 42,7 68.1 30.0
) X=-80 Mo-Nb-V Steels

G 1220 (2225) 730 (1350) 42,9 62.5 32.4
H 720 (1325)
1 705 (1300)
3 690 (1278)
K 1150 (2100} 705 (1300)
L 1220 (2225) | 1050 (1925)| 900 (1650) 35.7 65.0 16,0
M 38.7 63.2 40.0
L] 40.2 62.3 24.3
[} 690 (1275) *
P 675 (1250)
R 1150 (2100) 4

Table 3 - Processing of 19 mm (0.75 in.) Plates in IAC Study

Rolling Schedules for Mo~Nb Steels

Rolling Schedules for Mo-Nb-V Steels

Pass | Entry Temperature, C (F) ,Thl::ti\:ll, § Reduction Pass | Entry Temperature, C (F) Th??:li(:esl, % Reduction
No. |Schedule A | Schedule B mm (in,) per Pass No. |Schedule C |Schedule D o _(in,) per_Pass
0 1150 (2100) |1330 (2100) 88.9(3.50) (Initial) ] 1220 (2225) {1220 (2225) | 88.9 (3.50) (Initial)
1 1103 (2025) (1105 (2025) 81.3 (3.20) 8,6 1 1175 (21%0) {1175 (2150) 81.3 (3.20) 8.6
2 1080.(197S) |1080 (1975) 76,6 (2.78) 13.1 2 1135 (2075) }135 (20:/5) 71.1 (2.80) 12.5
3 1040 (1900) [1040. (1500) $9.7 (2.3%5) 15.5 3 1095- (2000) {1095 (2000) | 61.0 (2.40) 14.3
4 885 (1625) | 855 (1575) 49.3 (1.94) 17.4 4 1050 (1925) | 1050 (192%) | 50.8 (2.00>) 16.7
s 870 (1600) | 845 (1550)° | 40.4 (1.59) 18.0 s 900 (1650) 870 (1600) | 41.9 (1.65) 17.5
6 855 (1575) [ 830 (1525) 33.5 (1.32) 17.0 6 870 (1600) 845 (1550) | 34.3 (1.3%) 18.2
7 845 (1550) | 815 (1500) 27,9 (1.10) 16.7 7 845 (1550) 815 (1500) | 29.2 (1.15) 14.8
8 830 (152%) 800 (1475) 22.9 (0.90) 18.2 8 815 (1500) 790 .(1450) | 24.1 (0.95) 17.4
9 800 {1475) | 770 (1420) 19,1 (0.7%) 16.7 9 790 (1450) 765 (1410) | 19.1 (0.7%) 2.}

Cooling After Rolling (See Tables 5 and 6)
~Neminasl Cooling Rates, C/8 (F/S)......Alr Cool, 5(9), 15(27)

Nominal Stop Cooling Temperatures, C(F)......600 (1110), $00 (930)
(All plates air cooled from stop cooling temperature.)

immersion quenching in an agitated b#fth of a
polymer quenchant. The cooling rate was con-
trolled by the polymer concentration and by
the rate of agitation. At the desired stop
cooling temperature, the plate was removed
from the quench tank and air cooled. The
actual cooling rates and stop cooling tempera-
tures were read from curves made for each
plate with a strip chart recorder.

METALLOGRAPHY - Metallographic specimens
from the center of each plate were mounted and
polished on a longitudinal face. Significant
variations in the proportions of microconsti-

tuents occurred only in plates from the IAC
study. Therefore, approximate percentages of
the microconstituents were estimated for each
plate in the IAC study using an optical micro-
scope and restricting the examination to the
10 mm (0.4 in,) thick region at the midthick-
ness where the tensile and impact specimens-
were taken. Representative micrographs were
taken from selected plates with a scanning
electron microscope (SEM) to clarify some
details not resolved by the optical micro-
scope. For the SEM micrographs, the specimens
were etched in a picral-nital solution, and a
gold-palladium coating was vacuum deposited on
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the :peaimln to. improve the contrast and reso-
lutién.

TENSILE AND IMPACT TESTING - Duplicate
tensile tests were performed on trensverse
specimens from the midthickness position of
each plate. The specimens: were of ‘a.
cylindrical, threaded design, with a gauge.
length equal to four timeég the diameter. In a

few noted exceptions the gauge length was five

times the diameter, The tests were performed
on a hydraulic tensile machine at a gtrain
rate of 5x10~5 s~1 to 1.5% strain, and at
8.3x10-4 g~1 thereafter to fracture.

Total elongation was measu:eﬂ from reassembled
broken specimens.

Full size Charpy V-notch specimens from
the midthickness position of each plate were
tested in duplicate at =20 C (<4 F).- For the
Mo-Nb steels in the CR-AC study and all the
plates in the IAC study, an additional eight
impact tests were performed over an appropri-
ate range of temperatures to determine the
full ductile-brittle transition curve.

RESULTS AND DISCUSSION

The experimental results are presented
below in relation to the two types of proces-
sing studied:

1. Controlled Rolling and Air Cooling
(CR=AC) .
2. 1Interrupted Accelerated Cooling (IAC).

MICROSTRUCTURES - The microstructures of
the X-70 0.15% Me-Nb steels in the CR-AC study
were all basically similar, consisting of non-
lamellar pearlite and bainite in bands in a
polygonal ferrite matrix, and a trace of the
martensite~austenite (M-A) constituent as iso-
lated islands. The polygonal ferrite matrix
contained a fraction of grains having a defor-
mation substructure produced by finish rolling
below the Arj; temperature. The amount of
substructured ferrite varies with the total
reduction below the Ary and how far the
finish rolling temperature is below the -

At3.

In the X-80 0,30% Mo-Nb-V steels the pre-
dominant phase again was polygonal ferrite,
much of it substructured from the defotmation
imparted below the Arj temperature. These
steels contained more bainite and less non-
lamellar pearlite than the 0.15% Mo<Nb steels,
and there was no banding. Also, the -amount of
M~-A constituent is greater in the 0.30% Mo-Nb-
V steels, The effect of increasing total re-
duction below the Ary temperature from 24%
to 40% is illustrated in Figure 1. It can be
seen that the amount of deformstion substruc-
ture in the ferrite increased-with 1ncreasing
reduction below Arj.

Microstructural changes in the plates from
the IAC study are summarized in Table 4. As
would be expected, the basic effect of accel-
erated cooling was to suppress the formation
of polygonal ferrite and thereby promote the

" formation of the lower temperature transforma-

tion products bainite, acicular ferrite* and

martensite. -The molybdenum additions also
helped to promote: the substitution of the
higher strength constituents for the lower .
strength polygonal ferrite. Typical examples

- of the microstructural change produced by

-.0gies between the two constituents.

rapid cooling are presented in Figure 2 for
Steel No. 5, the 0.15% Mo-Nb steel, and in
Figure 3 for Steel No. 12, the D.30% Mo-Nb-V
steel. Examples of the various microconstitu-
ents are labelled. In some cases a clear
distinction between non-lamellar pearlite and
bainite could not be made because there was
nearly continuous range (spectrum) of morphol-
This
problem is more academic than practical
because the major increases in strength ef-

fected by IAC processing are not caused so
much by bainite formation as by the introduc-
tion of large amounts-of the acicular ferrite

structure interspersed with small islands of
M=A constituent, denoted by (AF + M-a) in
Table 4.

In most cases throughout the present stu-

dies it was not possible to obtain a meaning-

ful measurement of ferrite grain size because
there were usually too many extraneous bound-
aries present, associateéd with substructures
in deformed ferrite or in acicular ferrite.
However, ferrite grain sizes were quite fine,
and were estxmated to be between ASTM 12.5 and
13,5,

STRENGTH AND IMPACT TOUGHNESS ~ Transverse
tensile and Charpy V-notch impact properties
were used to evaluate the plates. Specifi-
cally, the ultimate tensile strength and
Charpy energy at -20. C (-4 F). were emphasized
because these parameters are involved in pro-

' posed line pipe specifications in the Soviet
~-Union where many pipeline construction pro-
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jects are in progress, All of the properties
are summarized in Tables 5, 6 and 7.

CR~AC Study -~ All of the controlled rolled
and air cocled plates were finish rolled below
the Arj temperature, - As a result, a signi-
ficant part of the strength of these plates
was due to the deformation substructure and

*It should be noted-that acicular' ferrite (AF)
is the same as the matrix phase of" upper
bainite, with the only difference being’that
the high-carbon constituent is M-A instead of
bainitic cementite. That is the reason why
AF is always listed in Table 4 as being asso~
ciated with M-, viz. (AF + M-2) .
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SEM X2000 SEM X5000
(a) 24.3% Total Reduction below Ar3 Temperature

SEM X2000 SEM X5000
(b) 32.4% Total Reduction Below Arj Temperature

SEM X2000 SEM X5000
(c) 40.0% Total Reduction Below Ary Temperature

Fig. 1 - Effect of total reduction below Ar3 on the microstructure of 19 mm

(0.75 in.) plates of 0.30Mo-0.055Nb-0.080V steel (No. 2) finish rolled at 705 C
(1300 F) and air cooled.
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PF = Polygonal Ferrite B = Bainite
Non-lamellar Pearlite M-A = Martensite-Austenite

Acicular Ferrite

2
(=
o

1]

AF =

SEM X2000 SEM X10,000
(a) Air Cooled from Finish Rolling Temperature

= ._ : lum
SEM X2000 SEM X10,000

SEM X10,000
(c) cooled at 15 C/s (27 F/s) to 500 C (930 F), Air Cooled

Fig. 2 - Effect of IAC on Microstructure of 19 mm (0.75 in.) plates of 0.15Mo-
0.04Nb steel (No. 5) finish rolled at 770 C (1420 F).
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SEM  X2000 X10,000
(a) Air Cooled from Finish Rolling Temperature

SEM X2000 SEM X10,000

SEM %2000 SEM X10,000
(c) cooled at 15 C/s (27 F/s) to 500 C (930 F), Air Cooled

Fig. 3 - Effect of IAC on microstructure of 19 mm (0.75 in.) plates of 0.30Mo-
0.055Nb-0.075V steel (No. 12) finish rolled at 765 C (1410 F).

98



“(*up L6°T) wa cm ur 8 _‘ag ur co.uumcﬂua

83533 D&anﬂ

vccmluuuwc J0R = ANp
1dnp mo13 SanTRA
* ~eyep STnpauds BuTT{OX 103 T 3TqRL ¥9Sq’

* gﬂo

) \.uaﬁam ﬂ.ﬁ,,mn.e w6 Tp
a.!q. {134 na ¥ tb 6-18) 9091(1"28) 995} L kA 5 ‘(ooeT) SOL | (0o1Z) OSTY | b ; gogea
v EZ. ree) sr9llo ye) 61s|. . E79T toszx) sL9 | (0012) . 0STX ¥ 800Ed
81" ‘899{(6°06). 929 = E°¥C {osz1) ste | (s¥zz) ozzq d 800td’
8-z ze9] (0-s8) 98s 34 T4 (sLz1) 069 | (szzZ) oLzt o 800€d -
§°12 ‘gse9](s s8). 68S} 0°0b topeT) S0 | (szTe) oy W | toogd’
0°sz 185](9°6L) 8RS £ . (00€T) soL | (szze) ozel N Looeal 'z
6°¥2 s6s{{s:08) SsS 9791 (00€T) s0L- (s22T) OLTT 1 Looea
8°0z 629} (9°s8) o06s]. = ¥7TE “tsLzT) 069 | (sgzR) OTIZT e - 900€43-
o€z Lrojteres) eLs y°ZE (oocT) soL | {(szzZ) orel 1 Lootd
S°ET s8s|{6°18) ¥9S}  ¥°ZE (sZET) . 02L | (sTET) 0OTLY: B 900€d
RN £ 2 TS {5 9L) L2s | 4 (oset) oee | (szze)'peex ] s00€d
, (S19915 a—aM-OW. 08X)
O R 4 4 ) ¥I9 (erLL) €E€SY, tooiZ) OSIT
9T T - 06% (9794) 8TS (0012} 05T
oV ZT s8s 1-9L) ¥zs 1 toot2) osu1
it £ . 1€9 51 (8764) 085 = {O0TT) OSTT
0°9Z 665! jos| (87 ye) sas) - Loor) osTi
0L, zasi a c.t, ¥es Eﬁﬁ 0SLI
.5 i1 o o7 ;
ut a .ﬁv : Eumuaunm
YIS .5935& Ewﬁ

kpras ‘Sv-ID Ut ﬁoaum A-QN-oW 08-X pue maunam &Te: ,
0L-X 30 moﬂu&oum wmuwbwguh @qm 33 mﬁ.ﬂoﬁ jo § -6 0§ :

99



°S3593 3jedTTdnp woil sanfea °Havy,
°SaTnpPayYds BUITTOI 103 £ arqed 235q.
sso3erd (-uy §L°0) wm 6T

(sy1-) oot~ (s9T) w2z €L 0°LZ ¥8°0 | (¥°96) 299 | (1°s8) 98s| (9°08) sss| (oze) sey _Aa.am. 9°LT 4 g500€d | (o $5Z°0)
(0z1-) s8- (r81) 0ST | %L o-ze SL°0 | (1°28) 99| (£°29) 6Z¥ | (6°19) 9zp pPatood 1tV v 4500€d L
{(0¥1~) S6- (oeT) 9Lt T £°82 €8°0 | (L°¥v6) 259] (s°6L) 8¥S| (z°8L) e£s| (0€6) 00S _.m.aN- 8°ST v ¥E0O0Ed | (oH 20Z2°0)
(0€1~) 06— (8s1) v1e 69 §°Z¢€ 6L°0 | (1°28) 995 (L°¥9) 9¥¥ | (0°S9) g¥b pPatood atv v YE00Ed 9
(591-) ot1~ (0°L6) zel oL 8 vz $8°0 | (0°S6) ss9{ (8-€8) LLS] (e°08) €ss| (018 ) ocw | (9°LE) 6°0Z g 968Zd

(sv1-) oot~ | (L11) 6ST oL 9°Lz £8°0 | (e°€6) €¥9| (6°18) ¥9s| (¥-1i8) T9S| (02TT) 509 | (1°82) 9°ST q 96824

(SET-) S6- (s°06) €21 T 9°9¢ $8°0 | (T°w6) 8¥9] (L°18) €95 (£°08) £G5S (oL6 ) ozs | (8°82) 0°91 ¥ 1682d

(591~) ot1T- (101) Let LA 0°82 €8°0 [ (z°¥v6) 6¥9| (0°08) 1sS| (€£°8L) 65| (ovor) 095 | (€°8E) €£°12 A L6824

(091-) sot-| (STT) 9sT €°L T 1e ¥8°0 | (6°68) 6T9| (0°9L) ¥zs| (8-5L) zzé| (016 ) o06¥ | (9°01) 6°S q 968Zd | (oW %51°0)
(ost-) o0t~ (60T) 8¥T €L 6" 1€ ¥8°0 | (s°L8) €09 (s*zL) 005] (£°€L) sos| (00TD) ses | (z°11) Z2°9 q 968Zd S
(s91-) otI- (0°t6) €21 TL Leze €8°0 | (0°88) 909 (s°¥L) €1S| (¥°c£L) 90s| (og6 ) oos | (z°TD) z°9 v L68za

(sST-) sot- {o¥1) 061 69 S°E€ S8°0 | (9°¥8) €8S | (1°1L) 06¥| (6°TL) S6¥| (S60T) 06S | (¥°2T) 6°9 v 868Zd

(091-) S0T-| (S°58) 91T 69 S 1€ 06°0 | (1°Z8) 99S5| (8°ZL) zos| (z°¥L) TS pPaTo0D 1TV q L68Zd

(0ST-) 00T- |.  (¥2T) 8971 ve 1°8¢ 9870 | (p°6L) L¥S| (8°99) 09¥| (5°89) Zi¥ patood 1TV v 86824

(s91-) o1T- (Lz1) 2Lt SL v'Lz - | ¥8°0 | (¥°c6) vv9| (6°08) LSS| (S°8L) TvS| (016 ) 06¥ | (5°62) ¥°9T € 6682d

{ov1-) s6- (0°68) 121 69 §°8¢ £8°0 | (s°68) LT19] (9-9L) 8ZS{ (£-8L) 6£S| (0OTT) S6S | (8°1€) 9°LT g 666Zd

(ot1-) o8- (z11) zst vL 6°ST L8°0 1 {€°26) 9€9| (6°08) LSS} (L°08) 9s5S] (S66 ) S€§ | (L°12) v°sT| - ¥ 6682d

(ov1-) s6~ (s°16) ¥Z1 oL S°6Z S8°0 | (1°06). 129 (T1°9&) ¥zs| (9°9¢) 8ZS| (o1TT) 009 | (8°L2) S°ST v 6662d

(0s1-). 00T~ (s0T) zvt T 0°1¢ 6870 | (9°58) umm, (e°ve) z1s| (s°9L) 1zs| (ose ) o1s | (£78 ) 9°¥ € 666Zd

{ott-) o8- (1£7) 8LT zL 8°82 $8°0. | (0°68) £19| (9°9L) 8zs| (0°9L) wvzs| (ozTT) S09 | (£°01) L°S d 866zZd | (oW 301°0)
(sST-) s01- | . . f(zs1) 962 9 €°2¢ ¥8°0 | {z°88) 809 (L°€L) 8os| (6°€L) 60s| (096 ) sts | (E°11) €9 v 866Zd v
(S€T~) s6~ | . (ze1) 6LY €L - §°0¢ $8°0 | (6°£8) 909 (8°¥L) STIS]| (9°vL) ¥1S| (0TTT) 009 | (£°0T) L°S R 86624

- ' . N

(0st-) o001~ (s°z6) szt °w ©S8%CE .1 1670 | (L°08) 95S{ (9°1L) £6¥| (T°£L) wos PaTo0) I1¥ ;) 6682d

{ss1-) sor~ (911) ¢sT | #e . E°9E 88°0 [ (6°9L) 0€S| (L°99) 09%| (6°L9) 89¥ POTO0D 1TV v 6682d

{0s1-) oo1- (6£T) 881 L Stz | 8870 ] (£°06) Zz9| (L°8L) zvs| (s-eL) 8¥s| (0r8) sov | (0°8€) 1°T2 ¥ ]v¥s00€d (oH 20)
(0E1-) 06- (8LT) TH#C 8L 0°9¢ $8°0 1 {(0°SL) L1s| (0°€9) #ev| (0°v9) T¥¥ pPaYo0d 11V v V¥500¢d 3

{ay > o{q1-33) r [} ("uy T) wa oz | oTIed | (¥5%) vaW 3S°1 $2°0 {d) 5 (s/a) s/ ) “ON |
‘LINa (@ ¥=) 3 02- |‘edav ur § ‘ay ut S& | ‘y3budxas (¥sY) edW ¢ -dway, doys ‘a3ed 3INPIYIS| ey | “on
1834S $0S # Abiaug 3o *buota SX aTTsualL ‘4y3budas pratx butTiod moi1y bur{oo) butiroy | xewttd 19938

e3eq_joedw] yoloN-A Adieq | °poy 1e30L H 5

Apn1s DVI UT pSTP93S QN-OW 3O
sat3xadoag asisasues] pue ejeq bur1oop jo Axemmms g arqel

100




*s3s93 23eoTidnp woIy sonlea .m>no

*SSTOPSUOS BUTITOX 103 € 9Tqed 995,
*sagerd (‘uTt §L°0) uwm m.nm

101

i
(o8- ) 09- | ($°¥L) TOT £ [ Ad 74 LL°0(L°80T) 6¥L] (€°€6) £¥9| (5°€8) LS| (SL8 ) oLy | (6°TY) £°¢€2 a z062d
(oL- ) ss- ! (5°89) 6°Z6 69 6°€Z SL°0f (s 60T) ¥SL| (6°¥6) ¥$9 | (0°Z8) S9s | (SPIT) 029 | (¥°¥E) 1°61 a z06zd
(0TT-) 08- | (5°€8) €TIT 69 €°LZ ¥8°0/(8°90T) 9£L| (£°96) ¥99| (9°68) LT9 ]| (S5€6 ) 005 | (8°€E) 8°8T b} 0624
(S0T-) st- | (§°0L) 9°S6 59 9°zZ ¥Le0)(L°60T) 9SL| (1°96) 299 | (L°T8) €95 | (ovTT) ST9 | (0°2E) 8°LY bo) zo6za
(on %0¢£°0)
(001-) SL- | (8°99) 9°06 ¥9 [ A% vL0f (T°L0T) 8EL] (¥°16) 0£9] (S°6L) 8¥S | (096 ) SIS | (9°€T) s°¢L a €162d 4
(s¢e- ) 09- | (0°L9) 6°06 €9 6°2T reoof (L vor) 1zL| (6°06) 929} (T°LL) t€S | (0ZTT) S09 | (8°2T) T°L a £1624d
(001-) SL~ (111} 18T €A §°SZ €8°0) (S"00T) Z69| (9°88) 019} (L°€8) LiLs| (016 ) o6¥ | (£°6 ) Z°S b zZ162d
(001-) sL- | (s°Z6) SZY 69 6°S2 ¥Loof(zoeon) TiL| (2°98) wes| (z-9L) szs | (0TTV) 009 | (E°TT) €79 bo) Z1623
(00T-) sL- | (0°€L) 0°66 €9 8°SZ Lo (v-96) 99| (L°8L) Zvs] (8°69) T8F¥F patood ITV¥ a €162d
(sT1-) 08- | (0°L8) 8TT 8s ¥°SZ 0L°0| (z°€6) Zvy| (0°SL) LIS (0°S9) avy PITO0D 1TV b} zZt62d
(so1-) s¢- | (o°¥6) LZT oL 8°9Z €8°0] (€°coT) z1L| (0°z6) veo| (8°s8) 16s| (oze) sev | (8°82) 0°91 a €062
(00T-) SL= | ($°6L) * 8OT 89 0°¥Z €8°0] (£°€0T) ¥1L| (Z2°Z6) S€9| (£°98) S6S| (006) 083 [ (1°€€) ¥°8T 0 €0624
(o8- )} 09— (t11)  8S1 zL 0°92 LLeof (€ vo1) 61L] (8°88) ZTI9| (£°08) €SS | (o¥6) SOS | (Z°ST) »°8 a ae00€d | (om §0Z°0)
(08~ ) o9- (tz1)’ ¥91 oL 9°sT LL0} (L vOT) TeL| (1°88) LO9| (9°08) Ssss| (o0€6) 00S | (9°07) 6°S bo] g€00€4 1T
(06— ) oL- { (s°LL) so1 s9 6°62 €L°0|(1°16 ) 8Z9] (9°ZL) 00S| (¥*99) LS¥ paToo) 11Y¥ a €062d
(001-) st- | (o°6L) roT 89 €°1¢ L0} (L°06 ) sz9l (g£-oL) wav| (0°¥9) T¥Y pa100D 1TV bo] €062d
(s6- ) oL- {Z1n)  est (4 0°€2 98°0f (€°20T) SOL] (9°Z6) 8£9] (s-L8) €09] (088) oLY | (¥°62) £°91 a T00€d
{001-) S¢~ (901) w¥¥1 0L 0°¥Z v8°0 (L°T0T) TOL| (L°T6) ZE9| (6°G8) ZéS| (owe) SOS | (2°9Z) S°v1 2 T00€d
(o01-) St~ (ro1) THY 1 8°SZ ¥8°0} (8°00T) S69| (v°88) 609} (9°¥8) €8S] (016) 06¥ | (E°€T) »°L a 100€d | (oW vmw.wv
(got-) st- | (o°sL)  zot 89 8°sZ Z8°0{(9°96 ) 999 (5°z8) 89| (1°6L) S¥S| (0zZ6) s6¥ | (T°0T) 9°S b} 000€d (34
(011-) 08~ | (€°68) 12T L9 8°82 LLrof(L°t8 ) vo9| (8°69) os¥) (6°L9) 89F paTo0D IV Y a 000£d
(s01-) L~ (90T} #¥T L9 8°LT LLe0j(L°98 ) LeS] (9°89) £4¥| (0°L9) z9y patood 1TV 2 000€d
-| toot-) s¢- {sz1) oLt 1 §°SZ 18°0] (9°00T) €69| (¥°L8) 209] (L°18) €95] (096) mam_ (z-0€) 8°91 e av00£d | (oW 30T°0)
(sT1-) 08- (Lo0) 922 SL [ £ €8°0}(9°s8 ) 06S| (6-0L) 68¥| (€ TL) T6¥ paTo0) I b ayo0cd 6
(ST1-) o8- (ve1) z81 SL 8°9Z 98°0] (9°L6) zL9) (L°s8) o06s| (8-€8) Lis]| (osé) eam_ (0°12) L 11 bo) w00£d | (oW 20)
(s0T~) S¢~ (s¥1) TOZ 9L 8°0€ 98°0f (z°s8) L8s| (S°TL) €6v] (Z°€L) voS pPaTo0D XTIV b vy00td 8
) ) olat-33) r Y (Fut 1) wm GZ | o13%u| (¥sy) edw 25°1 $2°0 [F105) (s/3) s/> ot
‘LIvd (4 ¥=) O 0T~ | ‘eaav ur § ‘ay ut S | “‘y3buaiig (15%) edn ‘*dwal do3s ‘ayey aNPIYOS| IV ‘ON
IeaYs $0S # Abious 3o *buoid [33 afrsual ‘q3budils pratx but{Tod wo1J butTood buTTTOM| XEPWITO 199338
e3eQ 30edel YOjJON-A AdaeyD | "pey Te3ol

4puas OVI UT ,ST993S A-ON-OH JO
satjradolg 9saoasuex] pue ejeq burtood jo Axewmns ; 9Tqel



strain-enhanced precipitation of carbonitrides
in the deformed ferrite. One difference be-
tween the X-70 Mo-Nb steels and the X-80 Mo-
Nb-V steels is that the former exhibited dis-
continuous yielding while the latter showed
continuous yielding behavior. In the Mo-Nb-V
steels, the strength contribution from strain-
enhanced precipitation was presumably greater
than in the Mo-Nb steels because of the addi-
tional element available! for precipitation
strengthening., An earlier study of steels
similar in composition to the present Mo-Nb-V
steels support this.suggestion, and that study
also showed that the magnitude of the sub--
structure effect is 1/2 to 1/3 the size of the
strain-enhanced precipitation strengthening
effect.? 1In the studies presented here, a
detailed analysis was not made of the relative
sizes of the substructure and precipitation
contributions to strength, but the earlier
study suggested that the relative contribution
from strain enhanced precipitation increased
as ferrite rolling temperature decreased.

The effect of finish rolling temperature on
tensile strength is shown in Figure 4* for the
Mo-Nb and the Mo-Nb-V steels. Within each
band of data, the amount of accumulated reduc-
tion at or below the Arj temperature is

given for each point. It can be seen that the
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Fig. 4 - Effect of Finish Rolling Temperature
on Tensile Strength of Controlled Rolled and Air
Cooled 19 mm (0.75 in.) Plates. Numbers by
points denote accumulated reduction at or below
Ar3 temperature,
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finishing temperature and reduction below Arj
both affected the strength. As the finishing
temperature was decreased, the tensile strength
rogse approximately at a rate of 1.6 MPa/C

(0.13 ksi/F), based on the slope of the bands.
As well as could be determined from the small
number of points, this rate was the same for
both groups of steels. The effect of total re-
duction at or below the Arj temperature is:
most apparent in the lower band of Mo-Nb steels
where, at a constant finishing temperature of
730 C (1350 F), the tensile strength rose 46 MPa
(6.6 ksi) as the percent reduction increased to
43% from 10%. In the upper band of Mo-Nb-V
steels, the 'points representing 16% and 24%
reduction below the Ar; are located near the
middle or in the lower half of the band, while
the points representing 32% #nd 40% reduction
are near the middle or in the upper half of the
band. For the Mo-Nb-V steels, the effect of
finishing temperature was concluded to be
greater than the effect of total reduction below
the Arj temperature, within the rather narrow
ranges investigated.

The effect of lowering the slab reheat tem-
perature by 70 C (125 F) was: determined for the
Mo-Nb-V steels with two rolling schedules: fin-
ishing at 705 C (1300 F) with 32% reduction
below Arj and finishing at 675 C (1250 F) with
24% reduction below Ar3. The lower reheat
temperature reduced the tensile strength by
40 MPa (5.6 ksi) for the plates finish rolled at
675 C- (1250 F) by 20 MPa (2.7 ksi) for the
plates finish rolled at 705 C (1300 F). This
was interpreted to mezn that the reduction in
precipitation strengthening due to reduced dis-
solution of carbonitrides was greater than any
gain in strength from ferrite grain refinement
derived from reduced austenite grain growth at
the lower reheat temperature,

The strength-toughness balance of the steels
in the CR-AC study is shown in Figure 5 where
tensile strength is plotted against Charpy
V-notch energy absorbed at ~20 C (-4 F). For
the Soviet Grade 70 [70 kg/mm2 (99.6 ksi) ten-
sile strength] lire pipe, a minimulp CVN energy
of 94 J (69 ft-1lb) at =20 C (~4 F) is-a fre-
quently used target. Four of the Mo-Nb-V steel
plates met that target.

Regarding the influence of accumulated re-
duction at or below the Ary temperature, the

*The plate tensile strengths indicated on the
charts for X-70 and X-80 pipes are based on
regregsion analyses of commercial pipe yield
strength (flattened strap) versus plate ten-
sile strength data (Ref. 6), and are minimum
values to guarantee the respective pipe vield
strengths, .
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Fig. 5 - Strength-Toughness Diagram for Mo-Nb
and Mo-Nb-V Steels in CR-AC Study. Numbers by
points denote total reduction (%) at or below
Ar3. Squares and solid circles with slashes
are from IAC study.

strength-toughness balance* was essentially un-
affected by the amount of reduction below Arj,
within the ranges studied. With excessive de-
grees of reduction above the 40% used as an
upper limit in the present studies, the
strength-toughness balance would be expected to
deteriorate. :

An excellent strength-toughness balance was
produced in the Mo-Nb-V steels when a low slab
reheat temperature [1150 C (2100 F)] was
employed. This type of behavior has been
observed many times in other studies, and it is
usually explained in terms of ferrite grain
refinement derived from the reduced austenite
grain growth at the reheat temperature and the
resultant finer austenite grain size at the time
of the transformation to ferrite.

*By definition, points in Figure 5 near the
upper-right side of a band indicate a high
strength-toughnegs balance, and those near
the lower-left side indicate a low strength
toughness balance.
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IAC Study - The strength properties of the
interrupted accelerated cooled plates were
governed mainly by the degree to which poly-
gonal ferrite and pearlite are replaced by
bainite or acicular ferrite plus M-A constitu-
ent as a result of alloying with molybdenum or
accelerated cooling from rolling or both.
Representative plots of tensile strength ver-

sus cooling rate are presented in Figure 6.

They include all of the data for the 0.15%
Mo-0.04% Nb steel (Steel No. 5) and the

0.30% Mo-0.055% Nb-0.08% V steel (Steel No.

12)., As can be seen, the strength rose rapid-
ly at first, followed by a decreasing rate of
increase and finally reached an apparent pla-
teau. The initial rate of strengthening, up to
a cooling rate of 6 C/s {10 F/s), was greater in
the more highly alloyed Steel No. 12. This was
to be expected from the more efficient suppres-
sion of polygonal ferrite effected by the higher
manganese, molybdenum and niobium contents. The
total increase in strength from the air cooled
to the fastest cooled plates was the same for
the two steels, approximately 94 MPa (14 ksi).
This is rather surprising in view of the fact
that suppression of polygonal ferrite formation
in Steel No. 5 was less complete than in Steel
No. 12 (Table 4). It must be assumed that there
was a compensating difference in the two steels
regarding the relative magnitude of the precip-
itation strengthening contributions in each.
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Fig. 6 ~ Tensile Strength vs. Cooling Rate in
IAC Processed. 19-mm (0.75 in.) Plates.




The influence of molybdenum content on
tensile strength is shown in Figure 7 for the
air cooled and the fastest cooled plates of the
Mo~Nb steels and the Mo-Nb~V steels. The air
cooled plates in this IAC study are not to be
confused with the air cooled plates in the CR-AC
study where significant strengthening was
achieved by deformation of ferrite below the
Arj3 temperature. The air cooled plates in the
IAC study are significantly weaker because they
were finish rolled at or a little above the
Ar3 temperature. They were intended to pro-
vide a baseline for direct comparison with
higher cooling rates to show the effect of in-
terrupted accelerated cooling.

In general, the addition of molybdenum was
very effective in raising the strength of IAC
processed plates. The mogt visible reason is

760 |- © Mo-Nb, Air Cooled ¢ 1o
® Mo-Nb, 15.20 C/s (27:38 Fis)

| A MoNBV, Alr Cooled

4 Mo-Nb.V, 1520 Cis (2736 Fis)

TENSILE STRENGTH, MPa
TENSILE STRENGTH, ksi

| .
0.2 0.3’

I
0 0.1
% MOLYBDENUM

Fig. 7 - Tensile Strength vs. Molybdenum Content
for 19 mm (0.75 in.) Plates Finish Rolled Near
the Ar3 Temperature,

that molybdenum helped suppress the polygonal
ferrite transformation, and promoted the for-
mation of acicular ferrite and M-A. However,
there is no doubt that molybdenum's estab-
lished role as an inhibitor of carbonitride
precipitation in austenite’:8 was also helping
by allowing more precipitation to occur in the

acicular ferrite. Regarding the specific
features of the curves in Figure 7, the rate of
strehgth increase between 0% and 0.1% Mo in the
fast cooled plates was greater for the Nb-V
steels than for the Nb steels, but from 0.1% to
0.25% Mo, the strengthening rates in the two
steels were equal. Above 0.25% Mo, the
strenthening effect of molybdenum appeared to
accelerate moderately.

It appears possible to obtain X-80 strength
properties in a 0.10%/0.15% Mo-0.055% Nb-0.08% V
steel by accelerated cooling at 15 C/s (27 F/s)
to 500 C (930 F) and air cooling., If the same
processing were applied to a 0.30% Mo-0.055%
Nb-0.08% V steel, properties approaching X-90
could be produced.

While the upgrading of strength properties
by IAC processing is useful and important, an
even more significant benefit of rapid cooling

is the improvement in strength-toughness
balance. That means that the increase in
strength produced by IAC processing does not
result in a loss of toughness. This can be seen
in Figures 8 and 9. In Figure 8, the tensile
strength is plotted against the CVN 50% shear
FATT. The open points representing air cooled
plates generally lie directly below the points
from the IAC processed plates. The latter
exhibit as much as 138 MPa (20 ksi) higher
tensile strength than the air cooled plates, but
with essentially equivalent impact transition
temperatures.
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In Figure 9, tensile strength is plotted
against CVN energy absorbed at -20 C (-4 F).
show the effect of IAC processing, data points
from the 0.15% Mo~Nb steel and the 0.30% Mo-Nb-V
steel have been grouped by nominal cooling rate
and the groups connected by arrows indicating
progression toward the faster cooling rates.
Again, it is seen that accelerated cooling leads
to marked strength improvements with little or
no loss in toughness,

To

An examination of the data in Figure 9 for
the purpose of sorting out the effects of stop
cooling temperature and the effects of the small
changes in finish rolling temperature (i.e.,
rolling schedules A vs B and C vs D, although
not coded in Figure 9) indicated that there were
no significant effects of these parameters
within the ranges investigated. Also, a ten-
dency was observed for the better combinations
of strength and toughness to be associated with
mixed structures of fine polygonal ferrite plus
bainite or acicular ferrite + M-A constituent.
This was the case, for example, for the two
points (half-filled squares) from the 0,20%
Mo-Nb-V steel in the .upper-right part of Figure
9. These plates exhibited the best overall

CVN ENERGY ABSORBED AT -20C(-4F), ft-Ib
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Fig., 9 -~ Summary of Tensile Strength vs. CVN
Energy Absorbed at -20 C (-4 F) for Mo-Nb and
Mo«Nb-V Steel Plates in IAC Study.

strength~toughness balance, and their microstruc-
tures comprised 15% to 408 polygonal ferrite plus
bainite plus acicular ferrite + M-A constituent,
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GENERAL DISCUSSION - The results presented
here are relevant to all X70/X80 line pipe steel
producers~-those who have facilities for
accelerated cooling after plate rolling and
those who do not. For the latter, who can only
air cool after rolling, composition and
processing information indicate that X-70 as
well as X-80 skelp can be produced, utilizing
optimum combinations of ferrite substructure
strengthening (from intercritical rolling) and
strain enhanced precipitation strengthening from
microalloy carbonitrides. The more advanced
mills equipped with on-line accelerated cooling
units can take advantage of the significant up-
grading in strength-toughness balance that rapid
cooling imparts.

Clear evidence of the effectiveness of IAC
processing for upgrading the strength and tough-
ness properties simultaneously can be seen in
the number of plates meeting the often-cited
property targets for Soviet Grade 70 line pipe.
In the CR-AC study, four of the air cooled
plates met these requirements, while 14 rapidly
cooled plates from the IAC study qualified.

CONCLUSIONS

CR-AC Stud

1. X-70 properties can be produced in
steels containing nominally 0.08% C, 1.55% Mn,
0.20% si, 0.15% Mo, 0.04% Nb, 0.015% Ti, 0.05%
al, .0.005% N, 0.01% P and 0.005% S by using a
slab reheat temperature of 1150 C (2100 F), a
60-70% reduction below 900 C (1650 F), a 30-40%
reduction below the Arj temperature [770 C
(1420 F)], and a finish rolling temperature of
730 C (1350 F).

2. After the above processing, Steel No. 1
exhibited discontinuous yielding with a 0.2%
yield strength of 550 MPa (79.8 ksi), a ten-
sile strength of 631 MPa (91.6 ksi), a CVN
energy at. =20 C (=4 F) of 112 J (82.5 ft-1lb),
and a CVN 50% shear FATT of -85 C (-120 F).

3. Steels containing nominally 0.08% C,
1.65% Mn, 0.10% Si, 0.30% Mo, 0.055% Nb, 0.080%
v, 0.015% Ti, 0.04% Al, 0.005% N, 0.01s P and
0.006% S will yield X~-80 properties when pro~
cessed with a slab reheat Femperat re of 1220 C
(2225 F), 60-65% reduction below 900 C (1650 F),
30~-40% reduction below the Ar3 temperature
[760 C (1400 F)), and a finish rolling tempera-
ture of 705 C (1300 ¥).

4. Steel No. 2, when rolled as described
above, exhibited continuous yielding with a 0.2%
yield strength of 577 MPa (83.8 ksi), a 1.5%
yield strength of 617 MPa (89.6 ksi), a tensile
strength of 696 Mpa (101.0 ksi), and a
CVN energy at =20 C (-4 F) of 97 J (71.5 ft-lb).



5. Strength properties increase strongly
with decreasing finish rolling temperature
below the Ar3 for X~70 Mo-Nb steels as well
as X-80 Mo-Nb-V steels. The effect of total
reduction below -the Arj temperature with a
constant finish rolling temperature is also
significant, especially for the Mo-Nb steels
which exhibit a very strong increase in tensile
strength with increasing reduction, up to 43%,
below the Arj.

IAC Study

6. Interrupted accelerated cooling is very
effective for raising the strength without
decreasing the toughness of X-70 Mo-Nb and X-80
Mo-Nb-V line pipe steels.

7. The effect of IAC processing on micro-
structure is to suppress the formation of poly-
gonal ferrite and pearlite and promote the for-
mation of acicular ferrite or bainite. The
presence of molybdenum promotes this change,
especially in the vanadium-containing steels
where complete elimination of polygonal ferrite
can be achieved by finish rolling above the
Ar3 and cooling at 15 C/s (27 F/s) to 500 or
600 C (930 or 1110 F).

8. 1In X-70 Mo-Nb type steels containing
nominally 0.08% C, 1.55% Mn, 0.30% Si, 0.10% to
0.15% Mo, 0.04% Nb, 0.015% Ti, 0.07% Al,
0.0044% N, 0.01% P and 0.005% S, the use of IAC
processing results in tensile strength in-
creases of 70 to 100 MPa (10 to 15 ksi) with no
decrease in CVN. toughness. The best properties
from these steels were obtained in a 0.10% Mo
plate which exhibited a 0.2% yield strength of
541 MPa (78.5 ksi), a tensile strength of 644
MPa (93.4 ksi), a CVN 50% shear FATT of ~110 C
(-165 F), and a CVN energy at -20 C (-4 F) of
172 J (127 ft-1lb).

9. 1In X-80 Mo~Nb~V type steels containing
nominally 0.08% C, 1.65% Mn, 0.30% Si, 0.20% to
0.30% Mo, 0.055% Nb, 0.080% Vv, 0.013% Ti, 0,05%
Al, 0.005% N, 0.01% P and 0.006% S, IAC pro-
cessing produces similar increases in tensile
strength as in the X-70 type steels above.
Again, there is little or no loss in toughness
accompanying the strength increase.

10. Of the three processing vargables
investigated, cooling rate is the most influen-~
tial, with strength rising strongly with in-
creasing cooling rate. The finish rolling tem-
perature and the stop cooling temperature have
little or no effect on the strength-toughness
balance in the ranges studied.

11. Por a given cooling rate, the tensile
strength of IAC processed plates increases with
increasing molybdenum content because of sup-
pression of polygonal ferrite and pearlite and
promotion of bainite, acicular ferrite and M-A
constituent, and presumably also because of
enhancement Of precipitation strengthening.
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12. The best combination of strength and
toughness is produced with a mixed structure of
fine polygonal ferrite plus acicular ferrite or
bainite. An example is a 0.20% Mo plate cooled
at 5.9 C/s (10.6 F/s) to a stop temperature of
500 C (930 F), having a 0.2% yield strength of
555 MPa (80.6 ksi), a 1.5% yield strength of
607 MPa (88.1 ksi), a tensile strength of 721
MPa (104.7 ksi), and a CVN energy at -20 C
(-4 F) of 164 J (121 ft-1lb).
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