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ABSTRACT

In recent studies columbium has been observed after heat treatment to markedly
increase strength, decrease grain size and thus enhance fracture toughness, and to be
effective in avoiding continuous {(roundhouse) yielding in as-cooled Cu-Ni steels. For
these reasons an investigation was conducted on the effects of columbium on Cu-Ni
structural steels.

When the columbium content was increased from 0.015 to 0.030 to 0.045 percent
and chromium was eliminated from ATLSS experimental Cu-Ni steels, the foliowing
results were observed: '

1. The Jominy hardenability was not changed by increasing the columbium
content; however, it was markedly reduced by eliminating chromium. Similarly, the yield
and tensile strength were not significantly affected by increasing the columbium content;
but they were markedly reduced by eliminating the chromium.

2. The effect of columbium on notch toughness appeared to be inconsistent in that
increasing columbium from 0.030 to 0.045% in the absence of chromium, (Steel X1 vs
Steel X2) was beneficial; whereas increasing columbium from 0.015 to 0.045% at 0.50%
chromium (Steel X3 vs Steel B6), was not beneficial.

3. Some of the preceding effects may be related to the lower level of cleanliness in

Steels X1, X2, and X3 compared with Steel B6.






INTRODUCTION

Copper-Nickel (Cu-Ni) structural steels are treated as a separate class of steels for
both civilian {ASTM A710) and military (HSLLA 80 and 100) applications because of their
- ability to be strengthened by the precipitation of epsilon copper, which may increase the
yield strength by as much as 20 ksi (140 MPa). Consequently, yield strengths of 70 to 130
ksi (485 to 900 MPa) can be obtained at carbon contents of 0.03 to 0.08 percent, far below
the usual range for structural steels. This significant reduction in carbon content results in
much better fracture toughness and weldability than that of conventional transformation-
strengthened structural steels Details of the characteristics of these Cu-Ni steels are
contained in several ATLSS reports' © %%,

Another characteristic of Cu-Ni structural steels of interest is their response to
columbium. MIL-S-24645 SH for HSLA 80 and 100 specifies 0.02 to 0.06% Cb, higher
than that usually specified for structural steels. At the high end of this range, columbium
has been observed after heat treatment to markedly increase strength, decrease grain size
and thus enhance fracture toughness, and to be effective in avoiding continuous
(roundhouse) yielding in as-cooled steels, which are known to be residuaﬁy stressed and
therefore susceptible to continous yielding. For these reasons an experimental program was
conducted on the effects of columbium on Cu-Ni structural steels.

EXPERIMENTAL PROCEDURE

MELTING AND ROLLING
A 300-pound (135 kg) heat was vacuum-melted and poured into three 100-pound

(45 kg) ingots with additions to the second and third ingots to obtain the compositions
shown in Table I and identified as Steels X1, X2, and X3. These steels are modifications
of Steel B6, which is considered an excellent candidate for an improved HPS 100W steel.
The ingots were charged into a reheat furnace at 2150F (1175C), rolled in five passes to 1-
- inch-thick (25mm) plate with a finishing temperature of approximately 1750F (950C) and
air cooled. The rolied plates were sectioned for processing as illustrated in Figure 1. The
metallurgical characteristics of the steels are also listed in Table L.

*See references



JOMINY END-QUENCH HARDENABILITY TESTING

For each of Steels X1, X2, and X3, three Jominy specimens were machined from
Plate-Section J (Figure 1), and tested in accordance with ASTM A255 [austenitized at
1650F (900C)]. Two longitudinal flats were ground on each specimen and the hardness
- traverse obtained. Thee three as-quenched Jominy specimens were then tempered (aged**)
at 1050F (565C), 1150F (620C), or 1250F (675C), respectively. After tempering, the flat
areas were reground to remove all effects of prior hardness testing, and the hardness
traverse was repeated on both sides of each tempered specimen. One hardness-test flat on
each as-quenched Jominy specimen was ground, polished, and etched sequentially with
picral and nital solutions, and metallographically examined along the length of the
specimen. For samples as-quenched and after tempering at 1050, 1150, or 1250F (510,
565, 620, or 675C), micrographs were recorded at a magnification of 850X at locations of
1-, 6, 11-, 14, and 17-16 inch (1.5, 10, 17, 22, and 27 mm) from the quenched end,
corresponding to 1/8-, 1-, 2-, 3-, and 4-inch-thick (3, 25, 50, 75, and 100 mm)
production-quenched plates, respectively, and at the 32/16-inch location (50 mm),
corresponding to 1/3-inch-thick (8 mm) normalized plate, cooled at 3F/sec.(1.7 C/sec.).

To evaluate the effect of austenitizing temperature on hardenability, one Jominy
specimen for each of Steels X1, X2, and X3 was machined and tested in accordance with
ASTM A255 after austenitizing at 1750F (950C).

HEAT TREATMENT AND MECHANICAL-PROPERTY TESTING

For each of the three X steels, Plate Section A, Figure 1, was austenitized at 1650F
(900C) and immersion-quenched in a mildly agitated 70F (20C) water bath [H=1.5,
cooling rate of 50 F/sec (28C/sec), Figure 2], to simulate production quenching of a 1-
inch-thick (25-mm) plate, Figure 3. For each of the three X steels, Plate-Section B was
also austenitized and immersion-quenched without agitation in a water bath containing
4.75% polyalkalene glycol, cooling rate of 9F/sec (5C/sec), Figure 2, to simulate
production quenching of a 4-inch (100-mm) plate, Figure 3. After austenitizing and
quenching, Sections A and B were cut into subsections as shown in Figure 4, tempered at
1050, 1150 or 1250F (565, 620 or 675C) and machined to the indicated test specimens.
Mechanical-property testing consisted of longitudinal tension and Charpy V-notch tests.

*#* The words tempering or aging are used interchangeably to mean the same treatment



4.

The tension tests were 0.357-inch-diameter (9-mm) specimens centered at the quarter-
thickness location and tested at room temperature. The Charpy tests were also centered at
the quarter-thickness location, notched in the plate thickness direction, and tested over a
range of temperatures to obtain a full transition curve.

RESULTS AND DISCUSSION
JOMINY END-QUENCH HARDENABILITY TESTS - AS-QUENCHED

The results of the hardness testing of the as-quenched Jominy tests are illustrated in
Figure 5. The curves show that Steels B6 and X3, with the same composition except in the
amount of Cb, exhibited essentially identical hardenabilities. Consequently austenitizing at
1650F (900C) resulted in no effect of columbium on hardenability. The same result was
observed for Steels X1 and X2, with the same composition except for Cb.Therefore, the
difference between the B6/X3 curves and X1/X2 curves is related to the difference in
chromium content. The low hardenabilty of Steel J3 compared with Steels X1/X2 is
consonant with the absence of chromium in all three steels and the lower molybdenum
content of Steel J3. Raising the austenitizing temperature from 1650F to 1750F did not
significantly change the Jominy curves. Therefore, the curves are not reported herein.

JOMINY END-QUENCH HARDENABILITY - TEMPERED

The effect of tempering the Jominy bars of the reference Steel B6 is illustrated in
Figure 6, which shows that the net strengthening of the as-quenched bar is a competition
between strengthening from precipitation of epsilon copper and softening of the
transformation products. As expected, the maximum precipitation strengthening and
-minimum transformation-product softening occurred at 950F (510C), but softening by
overaging occurred increasingly as the temperature increased to 1250F (675C).
Transformation-product softening occurred primarily near the quenched end of the bar
where fast cooling produced the strongest transformation products.

The effect of tempering the Jominy bars of Steels X1, X2, and X3 is shown in
Figures 7, 8, and 9, respectively. The curves for all three steels indicate that softening of
the transformation products occurred near the quenched end, but that significant net
strengthening occurred at and beyond 6/16 inch from the quenched end. The response of
Steels X1, X2, and X3 to changes in tempering temperature from !050F to 1150F to
1250F (565C to 620C to 675C) was surprisingly small compared to that for Steel B6.



METALLOGRAPHIC EVALUATION OF JOMINY SPECIMENS

Micrographs for Steels X1, X2, and X3 on as-quenched Jominy specimens at 1-,
6-, 11-, 14-, 17-, and 32-16 inch from the as-quenched end are depicted in Figures 10,
11, and 12, respectively. The three steels show a similar trend of microstructural changes
as the cooling rate decreases along the length of the bar from the quenched end.

At the 1/16-inch position, 490 F/sec (270C/sec), the microstructure is fully
martensitic, but at 6-16-inch, 56F/sec (30C/sec), the typical cooling rate for a 1-inch-thick
(25-mm) production-quenched plate, the microstructure is granular bainite. Thereafter, the
second phase (MA constituent) is gradually agglomerated as cooling rates decrease toward
the end of the bar. No discernible effect of columbium on the microstructure is evident.

Metallographic exanunauon of the tempered Jominy specimens revealed no
significant change in the microstructure other than some spbermdlzanon of the mamans:te at
the quenched end of the spcolmen The micrographs of the tempered specimens age
presented in the Appendix.

Examination of the etched Samples revealed areas containing signiﬁcimt amounts of
nonmetallics. These areas were avoided in recording micrographs of the etched samples.
However, to illustrate the types of nonmetallics observed, areas containing typical amounts
of nonmetallics were recorded as illustrated in Figure 13,

MECHANICAL-PROPERTY EVALUATION

The tensile and toughness properties for Steels X1, X2, and X3 are listed in Table
11 and illustrated in Figures 14, 15, and 16. Among Steels X1,X2, or X3 after any
common heat treatrent, Steel X3 exhlblted the highest yield and tensile strength This is
consistent with the J onnny-test results, whlch demonstrated the 1mportance of chromium to
increasing hardenability.

The yield and tensile strengths of Steel X3 averaged about 8 ksi lower than the
respective values for Steel B6. Both steels are essenﬂally identical in composition except
for the columbium content, 0.045% for Steel X3 vs 0.017% for Steel B6.

~ The notch toughness of Steel X2 was somewhat better than that of Steel X1 and
that for Stoel X3 was similar to that of Steel 136 _ -
The specific effects of columblum were dlff cuit to deduce becausc of thc possible
effect of cleanliness on the propertzes of the X Steels.



CONCLUSIONS

When the columbium content was increased from 0.015 to 0,030 to 0.045 percent
and chromium was eliminated from ATLSS experimental Cu-Ni steels, the following was
observed:

1. The Jominy hardenability was not changed by increasing the columbium content;
however, it was markedly reduced by eliminating chromium. Similarly, the yield and
tensile strength were not significantly affected by increasing the columbium content, but
they were markedly reduced by eliminating the chromium.

2. The effect of columbium on notch toughness appeared to be inconsistent in that
increasing columbium from 0.030 to 0.045% in the absence of chromium, (Steel X1 vs
Steel X2) was beneficial; however increasing columbium from 0.015 to 0.045% at 0.50%
chromium (Steel X3 vs Steel B6), was not beneficial.

3. Some of the preceding effects may be related to the lower level of cleanliness in
Steels X1, X2, and X3 compared with Steel B6.
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Table | - Chemical Composition of X1, X2, X3. B8, and J3 Steels

Mn

Si
Cu
Ni
Cr
Mo
\'4
Cb

Al(total)

X1

0.082

1.00

0.013

0.0028

0.22

1.01

0.73

0.004

0.49

0.057

0.028

0.034

X2

0.062

0.98

0.013

0.0026

0.22

1.00

0.72

0.004

0.49

0.056

0.047

0.031

Steel
X3

0.063

0.99

0.013

0.0028
0.23

- 1.00
073
0.51
0.049
0.057
0.045

0.023

BB

0.061

1.02

0.011

0.003

0.27

1.01

- 0.77

0.51

0.50

0.054

o017

0.015

J3

0.064

1.00

. 0.011

0.003
0.26
1.00
0.73

0.005
0.26

Q.060

0.015

- 0.024
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Figure 1 - Sectioning of 100 — Pound — Ingot Plates
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Figure 16 - Strength and Toughness Properties for X3 Steel after Various Heat Treatments



(9.59€) 20601 peradiia}, — SAMIONISOIA ANJIGEUSPIEY POYPUSN) PUF AUROf [X [89)S — 1V 2mSid
[EIO1 PN 08X

@mm moaoq@ﬁ.d Eo.& aw.ﬁ\mm _ T Umm ﬁomoﬁnO Eoﬂ :3 :& |

,,w,vr et . _f )

pUH Eﬁﬁso wolj 91/11

Cpug Eﬁﬁf _aam O1/T
79070

~ %ﬁ%n@ WOLT.OL/0

FeQ'0

8T0°0

LS00

#00°0

L0

1071

[44Y

82000

€100

00'1

84

qo

A

0

IN

)

[X 1915

IS

S

d

N

2




(26079) 40§11 PaI2dWia ], ~ SAINONNSOIA ANfIqeuspIe]] payouend) pug Aurwof [X 891§ — 7V omuSky
[PIOGCPIN 058X
ﬁ )«kﬁ! e &‘}Mvu LY

. frﬂa WW.

:E\Nm

@wm @mﬁumu;@ Eom

pug wmsomod.mu wol S1/11 @mm mmﬂoﬂmﬁd mﬁokm :E o
Pe0'0 8700 LS00 6¥0 ¥o0'0 £L0 10°1 [£4Y 8000 | €100 001 2900
¥ 4o A O B ~IN ) IS S d U 2D

IX =918



(3.61.0) 0T ] PoIediIa], — SSMIONISOITIA AN[IGEUSPIRE] PAYPUSNY) PUF AUIUIOf [X [293S — £V oM3ld

S T e e .....,‘.,“...:.a.v il ERTLA

W 5 . Tqd 4 S 3 .‘... .Mw.
- L A1 ¥

PUH Do pug peyouan() Woly 91/L] PUg. poyauan( WoLy IS1/p]

youen) Wolj 91/11
7E0'0 8700 LSOO 670 000 £L'0 101 [44, 87000 | €100 001 7900
v q0 A O ) IN o 1S S o d aN 9

IX [E91S .

T phg w%mmmwsd Howm_” i, ﬁmw,mmﬁmomm Eopm O1/1

13




(D:59%) 3,0501 paredurn J. -~ $SIMDONNSOIONAL ANIQRUSpIEY PSYoUeny) pug AUIuIof 7 [991§ — vy amSny
[BIRLI-TBIIN QS8X

bl

“,

L R N . b
h,wr i Vrﬁy viwx - .w B WJ%.%WW T
pug Pagotend) Mol L9172
[#:5 " 1,:? =Y Y F * LTy

e g Ay BT

C o ARE a.kwﬁv_.
. ‘,.M\ ki fﬂ‘. w .
_ y o . Y w. A N .

e

o Lt
Caea? W

pug payoiend) wor (51711 " PUF payousny) Woid 9171
Ty 3 : : @@rwﬁo Fw w‘ww.ﬂr \M%vﬁ,ﬁ w.nm .W,, . 1 3 , ...\\

o

¥

P LW
L
: ~ Mm. m&mxo\b Aw i \ ‘M A 5 e : T
- R Y R S TR g :
T LVl & »
mv%kw Y w L.MM,.W? L N i @wM. PRI S «.m,v.w e, %ﬁ%ﬂ e

PO PAOIRND WO L01/1T  PUH POPWIO WOR.01/0 . pug pagos
T€00 | L¥00 | 9500 | 6¥0 | %000 | 220 | 00T | 20 | 92000 | €100 | 860 | 2900
v E®) A O S IN e} IS s | d U D

X 19915




(05029) 20511 Prodiuia], — SAMONIISOIONAL ANIGRUSPIEE] POYOuIn) Pust Aujwiof X [9315 ~ v 2MnBid

. Hﬁoﬁ-ﬁﬁz om 8X

@au ﬁoﬂoﬂ@z;@ .c.woww

T .. . L, '
__P_W \?m 3 2 ) A 3 ._WMH.

:w&\mm

B
.

S

.sv;\ L\. P s = ¥ &
ﬁmm @omomond ﬁo.@ ST/ 3 PUH poyouen)) Wold (91/1
12070 L¥00 960'0 67’0 7000 L0 001 (444 97000 | €100 860 790°0
v 9o A O 2 IN ) IS S d U J

TX =315




(06519} 3,071 porediuay, ~ SSIONISOIONA AN[IGRUSPIBE] PAUOUSIY) PUT AURIOf 7X [993S — 9V 2Ind1y

ﬁ.ﬁ&& Mwﬁz Gmwuw

@mm ﬁmmoaoso Eoﬁ :m_ M \Nm

.:”.-i/

WA |
k%wwrmr ,_EM?:\W ¥

ﬁmm munomuzd 88& o1 hi

X [o918

,J .f..,.w - : ; v S ‘F”..h 2 Mw%zjmm? ;
@mm @vmommﬁmu HIoIf O1/T1 PUL PayOUSn() WOL] :@Q@ mm ﬁ@mommﬁo widn 9171
1€0°0 LFG0 9500 6170 +#00°0 (AN a1 TT0 97000 £I0’0 860 7o0°0
A4 q> A O D IN o IS S d A 2




Gomw $) H.0S01 patedure H — SRIMIONISOINIA ANTIqRULpPIBL] payoudn() pugf \Eﬁﬁo [ X [991§ — £V 2m3n]
Mﬁoﬂ,ﬁmz om mM

mam 8&896 aem :@:3

"pUg porpURn) Wold 91/
; SN

pugpIpuonG woly H1/ce.

I

uﬁ Datoteny WoLy o190 g Eﬁﬁmd woxT 91/1

€700 | s¥00 | LSOO | 6VO 150 €L0 | 0071 c70 | 82000 | €100 | 660 | €900 |
v o) A o 9] IN n) 13 S d U o
£X (991§




Steel X3
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Figure A8 - Steel X3 Jominy End Quenched Hardenability Microstructures — Tempered 1150°F (620°C)
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