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ABSTRACT

Plates of ABS Class-B and Class~( steel were rolled with different
temperature-reduction schedules to observe effects of processing history
on final structure and properties. Each class was finished at a constant
thickness (1-1/2-inch for Class B; 1-1/k-inch for Class €} following both
isothermal and non-isothermal schedules with reductions from 15 percent
to 60 percent and temperatures in the range 12509F (6779C) to 2000°0F
(10930C). The principal measurements for toughness evaluation were the
15 foot-pound V-notch Charpy, the 50 percent-fibrous Charpy, and the
tensile-ductility transition temperatures.

Effects were divided into two basic categories, one concerned entirely
with ferrite grain size, the other with various extra-grain-size details of
structure and composition. The most significant improvements in toughness
were the result of ferrite grailn-size refinement. The notch toughness of
both steels was increased equaliy for this reason as rolling temperature
was lowered to 14500F (7880c).

The superior toughness of {lass C at constant grain size was an example
of an extra-grain-size effect of composition. WNormalizing of Class B plates
after rolling produced Widmanst&tten structure and some embrittiement which
was interpreted as an apparent extra-grain-size effect of this particular
heat treatment. Mechanical fibering was studied with techniques that in-
cluded electron microscopy, but the contribution of microfissuring effects
to toughness was too subtie for cobservation. Embrittlement from residual
cold work as a consequence of low-temperature finishing was also identified.
Results of heat treatment after rolling were studied in detail; of special
interest was a pronounced increase in transition temperature from sub-critical
annealing, which has been related in some measure to carbide sphercidization.

Possibilities for further touahness improvement by contro! of rolling
history have been discussed.
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INTRODUCTION

UL T NP S T AL -

Some aegree DT control IECI snape cnange is 1l’\VdrlaDlY a gual in pfﬁCESSLﬁg.
Associated with this, however, there is a capacity for control of properties
which is not always realized. In deformation processing, the latter control
must be based entirely on a regulation of structure in its various forms.
More specifically, in the hot rolling of steel ship plate, there are several
possibilities for altering structure so as to control, and even to improve,
the notch toughness of the resulting product. Whether they ever find prac-
tical application will be determined largely by other, economic factors. 1In
the U.S5.A., the facilities for steel plate rolling are in most plants of a
type that substantial improvements would be the prerequisite for any serious

e
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CoOnRsL on of change in practice.

At least three such possibilities have been recognized, each relating
to a different detail of material structure. One is based on ferrite grain
size, which acts to depress transition temperature as it is made smaller.'”
The improvement varies with the type of test and the criterion for evaluating
transition temperature,/=9 but it has been found that the temperature defined
by 15 foot-pound energy absorption in the Charpy V-notch impact test is
lowered by an amount somewhere in the range 15-259F (8-i149C) for each unit of
increase on the ASTM grain-size scale.4,6,9 No other variable has such a

notent effectj spo that reduction of ferrite grain size {nr increase in grain-

MLl LN 1Ll Qi sast adihs SRS A0

size number) is the most attractive, if not fully explored method of micro-
structural toughening. Currently, the grain size in rolled plates is rarely
finer than ASTM No. 8. Abroad, however, controlled-rolling processes have
been devised in which temperature-reduction schedules are regulated so as to
finish at lower-than-normal temperatures (near the upper-critical), with the
result that grain size is smaller by about 1 ASTM unit and transition temper-
ature is lowered accordingly.i0,11 A handicap in the eventual planning of
even more sophisticated control lies in the limited understanding of

kinetics and structural change in hot working.

With major importance attached to ferrite grain size, other possibilities
for toughness regulation are conveniently labelled as ''extra-grain-size'' in
origin, The second of the three, in this category, involves the mechanically
aligned fiber-like structure of included particlies, pores, and other weak
interfaces inherent in wrought materials. Such a structure is basically
responsible for an anisotropy in fracturing characteristics.!2-15 when a
crack travels by cutting across the fiber, it has been shown that triaxiality
in regions of stress concentration at crack tips may be relaxed by local
(micro-scale) sepgrations {or fissuring) between the less strongly cohering
fiber elements.® In that way, more intense fibering or greater fracturing
anisotropy may have a toughening influence. Lower finishing temperature has
been found to favor the trend.6:8 Again, the amount of toughening as meas-
ured by a drop in transition temperature is different, depending upon
criterion appiied.s However, it is clear that the effect is not nearly so
marked as that of grain size., Quantitative estimates are difficuit to find,
but statistically derived formulas from van der Veen,/ for calculation of
transition temperature, contain terms suggesting that the fiber effect is
roughly an order of magnitude less than that of grain size.
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TABLE I. CHEMICAL COMPOSITION.

Percent by Weight, in

Compone&nt ABS Class B Steel ABS Class C Steel
c 0.20 0.23
Mn 0.93 .66
P 0.012 0.014
S 0.031 0.03
si 0.02 0.17
Cu 0.05

Ni 0.06

cr 0,03

Mo 0.0k

v < 0.005

T4 < 0,005

Al {Acid Sol.) 0.002 0.029
Al (Total} 0,006 0.033
N (Acid Sot.) 0.007

N (Total) 0.008 0.004

Stilil a third possibility is associated with residual cold work that may
be introduced in attempting to schedule low-temperature passes for grain-size
refinement and fiber development. Its contribution oucht to be strongly
negative,lﬁ,l? but control to avoid its presence should be important in pro-
ducing optimum microstructure.

With such background, generally known but not yet fully detailed, plans
were made to evaluate structure-property relationships in a number of
systematically rolled plates of ship-hull steels. Schedules were arranged
to cover a variety of temperature-reduction sequences, and in view of the
recognized bearing of measurement criterion on toughness observed, both
unnotched tension and Charpy impact tests were planned. The outcome of that
work is related here,

MATERTIALS AND EXPERIMENTAL PROCEDURES

Plates were rolled from steels of ABS Class B and Class C specifica-
tions.!® Class B is a semi-killed steel, Class C a fine-grain killed steel.
Chemical analyses are given in Table I.
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TABLE II. PROCESSING HISTORIES.

Numbers within the table identify plates rolled
accarding to the diffarent schedules.

ABS Class B, 1-1/2~inch final thickness

Isothermal reduction at (OF) Non-isothermsl raeduction,
Reduction, finishing at (°F)
% 1250 1450 1650 1950 1250 1455 1595
15 5 | 1o | 19 2 -- -- -
30 3 13 16 8 1* 22* 12F
60 2 20 n [ - - -

Hon-isothermal reduction schedules comprising six equal passes with
the temperature dropping approximately 40°F per pass to the finish-
ing level, The rolling schedule of plate 12 was nearly that of
conventional industrial practice 4in the U.S.A., while the schedule
of pilate 27 represented approxlmatelyﬂthe contralled reliing
practice of certain mills in Europe.'”

ABS Class C, 1-1/4-1inch final thickness
Isothermal reduction at (°F)
Reduction, Non-isothermal reduction,
1600 1800 2000 finishing at 1BOOPF
20 3 8 z
50 A 2 2z 1z
o

Standard industrial practice with the last 50% reduction being
made on a falling temperature scale, from 20909F to 18009F.

Rolling Histories: Class B plates were rolled according to 15 different
schedules (Table II and IA*). Preliminary roiling of 6~inch-thick slabs was
carried ocut above 2100°F to establish the proper initial thicknesses for
developing the same final thickness of 1-1/2-inch. Following the slab-sizing
reductions, plates were allowed to cool in air to selected lower temperatures
before further rolling. Twelve of the final schedules were pominally iso-
thermal, each involving 6 equal drafts for total reductions of IS, 30 and
60 percent at 19500F (10660C}, 1650°F (899°C), 14500F (7880C), and 125Q0F
(6779C). Each of the remaining three schedules accomplished total reductions
of 30 percent, again in 6 equal passes, with the temperature dropping
approximately H0OOF per pass to the final values of 15950F (8680C), 1L4550F
{7909C), and 12500F (677°C}. A schematic plot of the roliing temperature vs.
cumulative percent reduction for all plates reduced 30 percent is given in
Figure 1. The controlled-rolling practice of the Royal Netherlands Blast
Furnaces and Steelworks!!-12 was the model for the non-isothermal schedules;
a dashed line in Figure 1 is representative of such practice., The temperature-
reduction trend im more conventional practice is also noted in Figure 1.

% The letter designation refers to a table or figure in the Appendix.
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ng ‘ T ' oo Fig. 1. Rolling Temperature vs. Cumdative
2ooor= Percent Reduction for ABS Class B Plates
® Rollad 30% with Isothermal and Non-isothermal
1900~ Reductions. Numbers identify plates
igoo deseribed in Table TI. Ay and Az are the

lower and upper critical Ttemperaiures,
regpeciively. Dashed lines represent a
conventional reduction schedule and the
controlled rolling practice of Royal
Netherlond Blast Furnaces and Steelworks,
Holland. (18)

°C

200

Tempergture °F

Temperature

800

! )
]
1 400 ; i
I | controlled

&)

1300 - 700
=3
1200
|
6 16 26 30 40

Cumulative Reduction, %

Seven different rolling schedules were selected for the Class C plates
{Table IT and TA). S5ix were nominally isothermal as before, with total
reductions of 20 and 50 percent at 20000F (i0939C), 1800OF (9820C}, and
16009F (B719C). The remaining plate was rolled according to a conventional
industrial practice. All plates were finished at a thickness of 1-1/4-inch.
In this case, however, the slabs were cooled to room temperature after pre-
Timinary sizing, reheated to 20509F, and then air-cooled to the different
final-rolling temperatures.

Various heat treatments involving normalizing, annealing, and homoge-
nizing were performed on selected plates after rolling and prior to mechanical
testing. Details of the treatments and designations of the heat-treated
plates are given in Table IIIL.

Ferrite Brain Size: With the method of lineal analysis, a determination
was made in each piate of the average linear intercept between ferrite-ferrite
or ferrite-pearlite boundaries along the three reference directions: roll-
ing (R), transverse (T}, and thickness (Z)}.

In one approach to establishing grain size,the over-all mean, 65 was
obtained as the cube root of the product of the three intercepts. Assuming
the ferrite grains to be Kelvin equi-edged tetrakaldekahedrons which com-

pletely fill space, the number of ferrite grains per unit volume of ferrite
is calculable from: 20,21



TABLE III. DETAILS OF HEAT TREATMENT.

ABS CLASS B

Plate
Jdentification Treatment Designation
Number
2, 9, 10 1650°F (B99oC), 1-1/2 hr., air-cooled ... (Normalize) 2a,9a,10a"
16, 20, 25 162,203,253
10 1725%F (940°C), 2-1/2 hr., furnace-cooled ... (Full Anneal) 108*
20 1725°F (940°C)}, 5 hr., furnace-cooled ... (Full Anneal) 20¢
8 1250°F (677°C), 1 hr., air-cooled .,. {Subcritical Anneal) Be
9 i2500F (6779C), 2 hr., air-cooied ... {(Subcriticai Anneail] 3f
9, 16 12509F (6779C), 2 hr., furnace-cooled ... (Suberitical Anneal) 9F,16F
g 1250°F (677°C), 10 hr., air-cooled ... {Subcritical Anneal) 8g
8 12509F (677°C), 10 hr., furnace-cooled ... (Subcriticai Anneal) 8c
8 22009F {12000C), 20 hr., slowly cooled™ ... (Homogenize) Bk
8H 16509F {899°C), 1-1/2 hr., air-cooled; repeated ... {Double Normalize) | 8Haa
8H 1650°F {B99°C), 1-1/2 br., air-cooled (Normalize); followed by BHaA
1650°F (899°C), 1-1/2 hr., furnace-cooled {Full Anneal)
ABS CLASS C
Plate
Identification Treatment Designation
Number
L4, 7 1650CF (B99°C), 1-1/2 hr., air-cooled ... (Normaiize) ha, 7a
4, 7 1250°F (677°C), 2 hr., air-cooled ... {Suberitical Anneal) Lf, 7f
* Small letters represent air-cooling and capital letters furnace-cooling. The average rates of
ailr- and furnace-cooling through the transformation range were approximately 609F (339C) per
minute and 4,.50F (2.5CC) per minute, respectively.
#* Furnace-cooled at a rate of approximately 1.87F {1,09C) per minute down to about 1200°F (649°¢),

and then air-cooled to room temperature.

An alterpative grain-size evaluation was based only upon average in-
tercepts in the T and Z directions, the reason being that fracture in con-
ventionally oriented Charpy specimens propagates mainiy in the T-Z plane.
However, the difference between T-Z and R-T-Z values was never more than
0,25 ASTM units (R-T-Z giving the smaller ASTM number} except in plate B-23
where the R-T-Z value was smaller by about 0.85 units. Charpy test results
have been related in what follows to the T-Z or '"fracture-plane'' grain size.

Pearlite-patch Size: Lineal analysis along the three reference directions
was similarly made to define the pearlite-patch size. The pearlite regions
assumed various irregular shapes, and hence the mean peariite lineal intercept
(based on the three unidirectional averages) was taken as the most appropriate
parameter for patch size. The volume fraction was given directiy by the ratio
of total pearlite intercept to the total traverse in ferrite and pearlite.
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Inclusion Fibering: To provide at least a relative indication of the
intensity of inclusion fibering, all inclusions above a certain size were
counted on polished and unetched surfaces using a micrometer microscope with
travelling stage. The lower size 1imit was set at 0.02 millimeter, and the
total count, q, included those intersected by an imaginary 100 millimeter
iine in the R-Z plane aiong the Z direction; the method originates with
van der Veen.” The quantity, q, is thus determined by the size and shape of
individual inclusions, as well as by the amount of Iincluded material. For
given inclusion content, a greater degree of inclusion elongation {or fiber-
ing} is reflected in a higher q value.

Tensile Testing: Tensile tests were made in rolling (R) and thickness (Z)
directions on all as-rolled Class B plates from room temperature down to
-LD5OF (-24L39C), using 20 or more specimens per plate and test direction.
Room-temperature tests were also made on all as-rolled Class C, and some of
the heat-treated plates, Plain cylindrical specimens with shoulders for
aripping were machined to a gage diameter of 0.25 inch and length about
0.875 inch, with total specimen length of 1-1/2-inch (Class B) or 1-1/4=inch
{Class C). Apparatus and test procedure have been described elsewhere.
Lower-yield stress, ultimate tensile strength, and the true stress at fracture
were computed from autographic load vs. elongation records, the pulling speed
being about .05 inch/minute. The fracture-stress calculation, and that for
true fracture-strain as well, required the cross~sectional area at fracture;#*
this was obtained by rejoining the halves of a broken specimen and measuring
the minimum diameter on an optical comparator. A mean diameter was used if
specimens became eliiptical during extension. For all as-rolled Class B
plates, the lower yield stress gy, true fracture stresses gp and gy, and
true fracture strains, e and €z, (R and Z identifying directions of measure-
ment) were plotted against test temperature in obtaining data presented below.

Charpy Impact Testing: V-notch Charpy tests were made on all as-rolled
and heat-treated plates. The {5 foot-pound {Ty.|5) and 50 percent fibrous
(TV-SO%) transition temperatures were determined Ey testing about 25=-30
specimens per plate, with specimen length along the rolling direction and
notch in the thickness direction. Precision was estimated to be + 10.5°F
(6°C) and + 180F {10°C) for Ty.)5 and Ty-goy%, respectively, with a confidence
of 95 percent. Tests were also made on some plates with specimen length
along the transverse direction. Complete experimental details and stastical
analysis of the results are given in the Appendix.

Microstructural Examination: Metallographicalily polished and etched
surfaces were examined for microstructural details. Comparisons were made
of interlamellar spacings of the pearlite in all Class B plates. The amount
of spheroidization during subcritical annealing was estimated visually and
noted as a fraction of the total cementite content. Fracture surfaces and
microcracks were also studied on sectioned tensile and Charpy bars tested
near the transition temperatures.

* Formulas are: g (true fracture stress) = Pr/A¢ and € (true fracture
strain) = In (A,/Af) where Pg and Ap are load and cross-sectional area
at fracture, respectively, and Ay is the original area of cross section.



-7-

Observations on inclusions with light microscopy were limited to a
diameter of about 1 p. Below this limit, to about 0.05 u, electron
microscopy was used to examine inclusion structure and other details of
fracture on setected surfaces treated with a two-stage technique for pro-
ducing chromium-shadowed, negative carbon replicas. Details are found in
the Appendix.

RESULTS

Rolling schedules were selected with the intention of developing a
wide range of structure, especially of ferrite grain size and of the
mechanical fibering responsible for fracturing anisotropy. The limited
success in these efforts to manipulate structure 1is evident from
Figures 2 and 3. The ferrite grain-size variation was only 2 ASTM units,
from about 6.4 to 8.65, and q was changed relatively little, except by the
heaviest reductions. Further details are given in the Appendix.

A. Structure

Ferrite Grain Size: Tt is clear from recent studies that grain size
after recrystallization during hot working is determined in large measure
by the size of the deformed parent grains.22:23 The reason is that new
grains tend to be nucleated along the boundaries of the old. Since alt
plates (of each class) were at the same austenitizing temperature before
rolling, all ought to have had about the same initial austenite grain size,
Therefore, the final austenite grain size of plates rolled above the critical
range could i:ave been more nearly alike than might be expected in view of the
wide variations in rolling history. This would have led, in turn, to only
madest differences in the ultimate ferrite grain size.

I T Fig. 2. Dependence of
Ferrite Grain Size
(R-T-7) on Rolling History
of Class B (0) and Class
¢ (1Q) Plates. Numbers
_| identify plates described
in Table II. Points rep-
resenting the sume per-
4 cent reduction are inter-
connected, FPlates rolled
aecording to non-isothermal
practice (B-12, -22, -1;
C-12) ave represented by
the temperature of the
1 finishing pass. A1 and
A4 are the lower and
upper critical temper-

1400 1600 1800 2000 °F  gtures, respectively.
Relling Temperature

Grain Size, ASTM No.




inclusion Count, q

Fig. 3. Dependence of the

o Fibering Imtensity
120 790 B?O 990 IOPO IIPO £ Parameter, g, on Rolling
History of Class B (0) and
Class ¢ ([3) Plates.
Numbers identify plates
deseribed in Table IT.
_| Points representing the
same percent reduction
are interconnected.
-] Plates rolled according to
non-tsothermal practice
(B-12, =282, -1; C-12) are
- represented by the
temperature of the finish-
ing pass. A, and A, are
the lower and upper
eritical temperaturss,
respectively.
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It is also known that heavier, more rapid and more nearly continucus
deformation contributes to greater hot-work grain refinement. 2-25 One
reason may simply be the reduced time for growth subsequent to new-grain
formation. Within limits, a similar trend should follow from low deforma-
tion temperature. Considering the over-all cooling rate of plates rolled
at 1450°F (see Appendix), the upper critical temperature (Ac 3} could not
have been higher than about 1400°F. Therefore, a minimum austenite grain
size, evident as a peak in ferrite grain-size number, would be a logical
result of the heaviest reduction imposed at this temperature.

Rolling at 12509F was probably not begun before at least partial trans-
formation of the austenite, nor terminated before most of the transformation
had occurred. With ferrite being formed from unworked austenite at 1250°F,
the final grain size would necessarily be coarser than that from 14500F
finishing. Metallographically obvious strain markings and grain-shape dis-
tortion (Figure 4}, together with higher hardness, reflected the incomplete
recrystallization of ferrite after reduction at 12509F. On the Rockweli-8
scale, these plates were harder by 5 to 10 points than all others at
comparable grain size (see Appendix Figure 3A).

The generally finer grain size of Class C plates, by about 0.5 ASTM
units, is a natural reflection of the ''fine-grain'' practice by which the
material is made, coupled with the fact that plates of this class were
cooled and transformed before austenitizing and roiling., The grain-
coarsening temperature for the steel under study was determined to be
about 1725°F; details are given in the Appendix. However, there is no
discontinuous change in grain size with rolling over a range including
that temperature. Perhaps none should be expected, since tendency towards
grain coarsening is modified by both prior treatment and deformation.26
Therefore, any coarsening temperature measured in a ''‘static' sense may
have tittle significance in actual rolling.

Inclusion Character: The trend in B steel, of more elongation with
heavier, lower-temperature reduction, is partly a consequence of the over-
all shape change. Beyond this, it may aiso reflect the influence of
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Fig. 4. Strain Markings and Grain-shape Distortion in Class B Plates Rolled at 1250
{T-7 Plane}. 2% Nital atoh. 450 X

(a) B-1, 30% Non-isothermal. {h) B-25, 15% Isothermal.

(e¢) B-0, 30% Isothermal. d) B-23, 60% Isothermal.

rolling pressure being increased with lower temperature and thus acting
to elongate inclusions more, as discussed by Pickering.2?7 Inclusions in
C steel are generally longer than in B because silicates, which have high
plasticity, 29 are more plentiful, and silticate and sulphide are agglomer-
ated in a larger, duplex form.

Pearlite Morphology: Pearlite-patch size varied more or less as did
ferrite grain size, although with much scatter in the measurements. The
amount of pearlite ranged from 18 to 28 volume percent, but was not
systematically related either to rolling history or subsequent heat treat-
ment. Interlamellar spacing could not be correlated with rolling practice.

Crystallographic Texture: Various plates were examined, but only in
B-23 (60 percent at 12500F) was the preferred orientation sufficiently well
developed to permit the plotting of a pole figure. Using a modification
of the Schulz reflection technique,29 the three mutually perpendicular
surfaces of a 1/2 inch cube (oriented along R, T, and Z directions) were
examined. The basic although diffuse texture was (001) [110}, which has

2N

been found previously after rolling at temperatures as high as 14400F , 30, 31
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B. Properties and Behavior

Tensile Testing: Selected examples of test data are given in Figure 5.
Plates B-2 and B-23 were chosen as they represented extremes in rolling
history from the lightest high-temperature reduction (15 percent at 1950°F)
to the heayiest low-temperature reduction (60 percent at 12509F). As in
past work,® the intersection of yield and fracture-stress curves defined a
ductility-transition temperature, DT.

-200 -I00 0 °C -200 -IO‘O ' q °CI
! | T I T ! | I ] T

200} B-23:1250°F, 60% | | B-2:1950°F, I15%
._180L
v

9160
o
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i b Ty |

00
H
5

Stres
® O
e

N
o
T
|

|

True Strain
(@)
o
1
|

0 e ook
-400 -200 O °F =400 -200 0O °F
' Temperature

Fig. o. Temparature Dependence of Tensile Yield Straess (U, ) True Fracture Stress
(0., 0y and Strain (€,, €, } for Plates B-23 and B-2. Fracture in the absence of
measurable plastic strain is indicated by ¥ or Y. Certain fractures located where
gripping fixturzs bore on the specimen have been treated by dividing load by minimunm
eress sectional area and plotting the rvesult with ar arrow pointing upward. For the
example of fracture outside of the neck region, stress and strain have been computed
with both actual [racture area and the minimunm area in the neck; results are connected
by a vertical tie-line.
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Certain fracturing peculiarities were encountered, particularly in B-23.
Below DT, fracture in the Z direction sometimes occurred at stresses sub-
stantially below the yield stresses; occasionally such fractures were found
in other plates and in the R direction as well. In metallographic sections
(Figure 6), the fractures are seen to have followed closely the direction of
mechanical fibering. They were probably initiated at inclusions acting as
internal notches, after which propagation followed at very low stress.

Fig. 6. Microsecvions (R-Z Plane) of Tensile Specimens from Plate B-23 Showing
Fracture Surfaces (Ni-Plated) in Obvious Relation to Mechanical Fibering., Tensile
axis vertical in all cases. &% Nital etch.

(a,b) Fracture at stress below the yield level in a Z-direction
specimen pulled at -396 F. 450X

(c) Rolling-plane delamination initiated at an inclusion in
an B-Divection specimen pulled at ~171 F. 00X
{d) Cleauage cracks (indicated by arrows) aligned along load

aris in on R-direction specimen tested at -315 F. 00X
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In one instance of an R-direction test on B-23, above the DT and near
the peak of the fracture-stress curve, fracture took place well outside of
the neck. While the stress at the actual site was only slightly above the
lower yield, the value at the center of the neck was more nearly equal to
the expected fracture stress. Also, under these general conditions, R~
direction specimens occasionally failed by a combination of longitudinal
splitting along the rolling plane through the neck {displaying a surface
of '"'woody'' appearance) and a normal! crystalline-appearing separation at
the ends of the split (Figure 7). Evidently, the transverse stress in-
troduced with necking became as large as the prevailing Z-direction
fracture strength, brought down to this low level by mechanical fibering,
exampies of Tongitudinal splitting are also shown In Figure 6; in Figure 6d,
cleavage cracks are clearily aligned along the R direction.

Another observation was that of an elliptical cross section in R-
direction tension specimens from plates rolled at 12509F and 1450°F, the
minor axis being aligned with the Z and the major axis with the T direction.
The largest ratio of true strain in the Z direction to that in the T was
about 1.75, independent of test temperature, and found in plate B-23. Such
plastic anisotropy is a reflection of the crystallographic texture, pre-
viously noted as being strong enough after the 60 percent reduction at 1250°F
to permit pole-figure description. Even though texture was too diffuse for
diffraction analysis after 1450°F reduction, it was still evident in this

Fig. 7 (a). R-dirvection Specimen
of Plate B-23 Pulled at =270 F
(DT = -333 F) Which Fractured
OQutside the Neck.

Fig. 7 (k). R-direction Specimen
of Plate B-23 Pulled at -261 F
(DT = -333 F) Which Fatled by a
Combination of Longitudinal Split-
ting Along the Rolling Flane
Through the Neck and a Normal
Crystalline Appearing Separation

at the Ends of the Split.
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departure from circular cross section. A basis can be found In recent cal-
culations for expecting a plastic anisotrogy with greater Z-direction strain
as a consequence of the observed texture.3 Also, from anisotropic plasticity
theory, it can be argued that in plate B~23 the piane-strain yield stress at
the root of a notch through the thickness direction (as in a conventional

{‘h:n-nu enar"fmnn\ ﬁllﬂ"l" to ha 'fnt'ra:carl hay :L\nu* Aot ey e '2 177 norrant shasna
PY sSpecimen ugn 2€ InCreased oy coUL anionegi If‘- Perant _ aocove

the usual (2/V3) X (uniaxial yield stress) for an isotropic material .32 An
effect of this kind might properly be regarded as embrittling, although only
mildly so.

ATl tensile ductiiity-transition temperatures are plotted against rolling
temperature in Figure 8 (with tabulation in the Appendix). Only the Z-
direction values, DTz, appear sensitive to roliing history, the level being
increased sharply in the extreme case of plate B-23. Some of the reason is
found in mechanical fibering {Figure 3}, the more intense fibering acting to

cafca NT. Th = mara 1o dnunluvad do auyidamt Frmam cenoarifisr ramnasricnnce ac
TAL3T Vige inat more is invoived is evigent rrom SPeLivie COMpParislns, &5

between B-23 (q = 106) and B-20 (g = 103), which are similar in q but not in
DTz, and between B-9 (q = 66) and B-20 (q = 103), in which case the higher
DTz is found in B-9. Residual cold work must also be involved. It was most
intense after the heaviest 1250°F reduction and correlates with the highest
0T, for these conditions.

Various ratios of fracture stress and strain in R and Z directions may
be used to demonstrate the marked fracturing anisotropy. Those formulated
from true stress and strain at fracture in room-temperature tests were as

_____ vy, and are plotted against g, with good correlation, in
Figure 9. Figure 10 contains examples of ductile Z-direction fractures in
which the separation around inclusions 1s clearly seen. Class-C anisotropy
was consistently greater, which is to be understood against the background
of duplex and more massive inclusions in this material. R-direction prop-
erties for both C and B stock were much the same; the difference grew out

of the lower levels along the Z direction in Class C.

A further indication of residual cold work from 12509F finishing was evi=
dent in the Petch-type plots of lower yield stress vs. (grain diameter)-! .33
Such plots are given for all B plates at selected test temperatures in

Figure 11. A reasonable least-square fit can be made to the data, excluding
those from the plates finished at 1250°F; Oy is consistently higher in the
latter four cases, which is interpretable as an increase in the friction
stress, of, from cold work. The increase in g; (or lower yield stress) above
the trend-line tevels is listed in Table TV for the 12509F plates at the
several test temperatures. The average increase is found to be larger the
greater the amount of reduction imposed on the ferrite, assuming that the
non-isothermal B-1 fits between B-25 and B-9.

Charpy Impact Testing: These results were much more influenced by
reduction schedule (Figure }2). Trends were determined basically by ferrite
grain size (Figure 2} and residual cold-work (Table IV). The inverse linear
relationship between Ty.|g and ASTM grain-size number is shown in Figure 13,
where the slope for both Class B and C of -20°F (-119C)/ASTM No. is in the
usual range. »9

Two extra-grain-size effects are immediately apparent in Figure 13:
One is the roughly LOOF (22°C) displacement between Class B plates rolled
at and above 1250°F (Figure 13a), which has its origin in residual cold work., -
The other is the 24°F (130C) separation between the two as-rolled Class B
and C trend tines (Figure 13d}. From previous work, it should be expected
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that at least part of this separation can be rationalized in terms of
chemical-composition differences.? The most detailed study of transition

700 800 900 1000 1100 °C
of I 1 T T T

-180 |- A, A,

°C
4-120

—- 140

—- 160

—- 180

i1600 1800 2000 °F
Rolling Temperature

Pig. 8. Dependence of Tensile~Ductility Transition Temperature on Rolling History
of Class B Plates. HNumbers identify plates described in Table I1. Points represent-
ing the same percent reduction are interconnected and labelled. Plates volled
accerding to non-isothermal practice (B-12, -28, -1) are represented by the temper-
ature of the finishing pass. 4, and A_3 are the lower and upper critical temper-

ruYe 07 the JiHLenin 1

aturas, respectively.

temperature in relation to composition is described in a recent report by
Boulger and Hansen to the Ship Structure Committee.? With coefficients
established in that work, by simple correlation analysis, a difference in
Ty-15 at constant grain-size can be calculated from the two analyses in
Table I which is exactly the observed 24°F (13°C). However, by calculating
with a formula generated in the same work through a more rigorous multiple
correlation analysis, the difference 1s foand to be only 50F (3°C). The
discrepancy might be understood on the basis of the uncertalnty inherent

in such work. Conversely, other factors may be involved which might be
exploited, if they could be identified.

A third possible extra-grain-size effect would be that derived from
microfissuring. Although a fairly wide variation in fracturing anisotropy
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(DT = -180 F), Showing Separation

Around Imclusions. (a) 881X (b) 881%

Fig., 8. Dependence of Room Temperature
Fracture Anisotropy in As-Rolled Class B
and Class C Plates on the Fibering
Intensity Parameter, q.

TABLE IV. TEMPERATURE DEPENDENCE OF YIELD PARAMETERS.

Class B Plates Rolled Above 1250°F Class B Plates Rolled at 12500F
Test
Temperature Friction stress, Locking strength parameter Increase in lower yield stress
1/2 (or friction stress) from cold-
M3 a, (1000 psi) k, (1000 psi-mm-' ') work {1000 psi)
B-25 B-1 B-9 B=23
RY 15,05 .52 5.5 6.5 5 18
=100 18.42 6.17 5 6 ] 15
-145 36.10 4 L 6 7 12 15
=235 £7.30 3.38 5 5.5 10.5 14
-280 88.60 2.70 3.5 G 13 15
~320 93.50 4,94 8 8.5 12.5 19
A;erage _____ 4,35 5.5 6.5 12 16
alue
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was established (Figure 9), it was unfortunate from the point of view of
observing an effect that its contribution to Ty.j; was too subtle to appear
against the background of other structural contributions.

No correlation could be made between the Charpy-test results and the

volume fraction, patch size, or interlamellar spacing of pearlite.

eat
generally into

[ PR e
n LT EaLuElIL>
three categories:

(1) The first involves the various annealing and homogenizing treat-

ments (Table III), performed only on Class B plates. Results in this
category are summarized in Figure 13b, where it is clear that all changes
in Ty-15 were consistent with changes in ferrite grain size.
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Fig. 12. Dependence of 16 ft. ~lb. Charpy-V Transition Temperature (T,_js)
on Rolling History of Class B (0} and Class ¢ ([} Plates. Nuwnbers identify
platec described in Table II. Points representing the same percent reduction
are intercommected and labelled. Plates rolled aceording to non-isothermal
practice (B-12, -32, -1; C-12) are represented by the tgmperature of the
finishing pass. Ay and Ay ave the lower and upper critical temperatures,
respectively.

(2) The second relates to normal izing, which introduced varying
amounts of Widmanstatten structure (from 10 to 35 percent) into Class B
plates while eliminating differences between as-rolled microstructures.

In the presence of this structure, ASTM No. was based on the mean inter-
cept from a traverse that excluded Widmanstitten areas. As shown in

Figure 13a, the Ty.ig of plates rolled at 14500F and above (B-2, 8, 10,

16, and 20) were raised, while those of plates rolled at 12500F (B-9 and
25) were lowered. The final trend line approached from both directions

is about 119F (6°C} higher than that for the as-roiled condition.

Plate 8Haa fits in with the others, even though given an homogenizing
anneal before normalizing. The extra-grain-size effect implied in such
results is probably no more than an apparent one, however; the reason is
that Widmanstatten areas are normally several times larger than the ferrite
grains and, owing to similarity of orientation among the constituent plates
or grains, may have much the character of individual ferrite grains during
deformation and fracture. An example in Figure 14 of a twin continuing
across several ferrite regions illustrates this possibility. Accordingly,
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and subcmtzcally anmmzaled (V) as-rollad
(0) included for comparison.

Class C, as-rolled (0}, normalized ()
and suberitically annzaled ().

Summary of all trends.

rs and letiers identify plates and heat-

-

treatments described in Tables II and III, respectively.
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Pig. 14 (a). Twin Continuing Across
Several Adjacent Ferrite Regions of a
Widmanstdtten Colony, Suggesting Similarity
of Orientation Among the Regione.
Z-direction specimen from plate B-Z pulled
_at -272 F. 2% Nital etch. 450X

Fig. 14 (b). View of Unusually Well
Developed Widmanstdtten Patiern in Coarse

Peoarlite of Plate 8H, Formed During the

Eutectotd Transjbrmatton on Cooling After

Widmanstatten structure might be regarded as equivalent to coarse ferrite
grains, so that the usual intercept method of ferrite grain-size deter-
mination could lead to an underestimation of effective grain size. Such

an effect after air-cooling and the introduction of Widmanstatten structure
has been reported earlier, but attributed to substructural changes not evident
in the gross microstructure.? The normalizing of Class € plates resulted in
no Widmanstatten structure, and the Ty-15 inm Figure 13c¢ lay on the as-rolled
trend line, changed (lowered) only by grain refinement.

(3) The third category represents the subcritical treatments, planned
initially to isolate temperature and cooling-rate effects in low-temperature
finishing. From the various treatments (Table III), slight decreases in both
Rockwel1-B hardness (about 5 points on the average) and lower yield point
(about 2500 psi on the average) were noted, but the yield-point drop and
Liders strain were unaffected.

The Ty.15 of plates B-8 (8e, 9g, 8G) and B-16 (16F)were raised, while
that of B-9 (9f, 9F) was lowered. The results are given in Figure 13b with
trend l1ines drawn to suggest that the embrittlement {(relative to the as-
rolled Class-B trend) is dependent primarily upon duration of annealing and
insensitive to cooling conditions. A similar Ty.;g elevation for C steel is
shown in Figure 13c. With such treatments, it was also noted that the impact-
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energy vs. test-temperature curves became more steep and that the maximum
amount of energy absorbed was increased by as much as a factor of 2 in some
instances. The data are summarized in Table V.

Stout and McGeady3! also observed embrittlement in a 0.25 percent
 Si-killed steel after holding at 12000F for 1 hour and air cooling; aging
was suggested in explanation of that finding. It is difficult for two
reasons to understand how the subcritical embrittlement can be interpreted
relative to aging: The degree of embrittlement is strongly dependent upon
time at temperature, yet dislocation atmospheres ought not to be stable
above about 800°F.3é The insensitivity of tensile yield behavior to time
at 1250°F or to cooling conditions reinforces this position. Thus changes
in the ferrite per se may not be responsible. 1In that vein, there was no
effect upon the Ty.,g transition temperature of a 0.01 percent C iron after
holding at 1250°F for 15 minutes.3® Moreover, fracture in Charpy specimens
of the present work, heated at 12500F and broken near the transition temper-
ature, was mainly transgranular cleavage which rules against any grain-
boundary embrittlement acting to lower the notch toughness.

The obvious change in microstructure with 1250°F heating was spheroid-
ization. Although that development is usually associated with the toughening

of medium and high-carbon steei, there is at ieast one observation by Rineboit37

TABLE V. RESULTS OF SUBCRITICAL HEAT TREATMENTS.

Heat Treatment AT - Maximum

Plate Spheroidization V-15 ’ | Energy
No. Buration, Cooling of Cementite, % Op Abscrbed

{Table 1II) hrs. fi-1bs
B8-8 as-rpiled 0 -- 107
B-8e ] air 50 18 > 140
B-8g 10 air 100 Lg 200
B-8G 10 furnace 100 43 > 190
B-9 as-rolled 0 -- > 80
B-9f 2 air 80 367 > 130
B-9F 2 furnace 80 37 108
B-16 as-rolled 0 -- 102
B-16F 2 furnace 80 27 176
c-4 as-rolled 0 -- 128
C-Lf 2 air 50 18 > 180
C-7 as-rol led 0 -- 127
c-7¢ 2 atr 50 25 152

*In relation to the trend line lor tae as-rolled plates.
**Taken relative tc the as-roiles treuda line for plates rolled at 1450 F
and above.
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of the opposite effect in a 0.3 percent C steel. Upon plotting A TV—I against
percent sphercoidization, from Table V, the result is a reasonable straight line
which at least suggests a physical relationship (Figure 15). Some basis for
such a relationship might be found in alterations at the ferrite-pearlite
interface. With spheroidization in these low-carbon steels the ferrite-
pearlite interface may become less effective in its ability to arrest a
cleavage crack. Representative microsections are shown in Figure 16. 1In
Figure 16a, a cleavage crack (N1 filled in plating) has travelied across a
considerable region of spheroidized cementite. In Figure 16b, cracks are

°F [ [ oc
— 30
Fig. 15. Rise tn T, __ as
3 Function of'E@rcentv 1
86 Sphercidization During
40— Suberitical Annealing of
Y, 20 Class B (0) and Class C
0 (O} Plates.
v 9F
> | —
= ]
< ﬁ! (Eb
20—
8e] 4f —1Q
0 | 1 ! | 0
0 20 40 60 80 100

Sphercidization, %

seen in both pearlite and ferrite, but there is a strong suggestion here of
blunting and deflection at the pearlite-ferrite interface.

Whatever the full reason for the embrittlement, it is equivalent in its
effect to a decrease in the ASTM grain-size number of as+rolled ferrite by as
much as 2 units, this being roughly the ratio of the maximum ATy ¢ in
Figure 15 to the -20°F/ASTM No. slope of the trend lines. Although the result
of spheroidization might be regarded as an increase in effective mean-free
crack path, there are still no grounds for imagining that change in carbide
morphology, even to the point of 1its complete elimination from the micro-
structure, could account for such a large increase. The suggestion being
made 1s only qualitative at best. Other support for it does come from the
altered form of the impact-energy vs. temperature curve; that after 1250°F
heating is more nearly characteristic of ferrite alone.g

A few results of tests on Charpy specimens taken parallel to the trans-
verse direction (notch still along the z direction) are summarized in

a
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B-2 pulled at

Fig. 16 (a) and (D).

Through Spheroidized Cementite and Pearlite. &% Nital eteh.

igure 17. The greater anisotropy before compared to after
is to be expected in view of the reduced fibering intensity
chemical heterogeneity, etc. resulting from the treatments.
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for both Class B and C. All Ty.goy and Ty.|5 data are correlated in
Figure 18 with tabulation in the Appendix. The major difference in results
with the two criteria was that no distinction could be made between Class B
and C on the basis of Ty-50%. Accordingly, the B-C separation in Figure 18
is the same as that in Figure 13.

C. Fracture Observations

Microcracks: Metallographic studies of fracture were made on Charpy
and tensile specimens tested at temperatures somewhat above and below the
Ty-15 or DT. 1In general, the cleavage fracture path for as-rolled as well
as heat-treated plates was transgranular without preference for ferrite,
pearlite, or Widmanstitten areas (Figure 19). An infrequent example of
intercrystalline fracture is shown im Figure 19c.

It has recently been suggested that microcrack initiation by the
cracking of grain-boundary carbide films mag be important in the low-
temperature brittle behavior of mild steel.39 However, in the many
microsections of the present work prepared from both as-rolled and
heat-treated (including furnace-cooled} materials, no examples of these
films could be found.
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(a) Cleavage initiation under the

notoh-roct of Charpy specimen from
plate B-Za, which agbsorbed 10 ft.-

LULE CLOCTL QLU

lbs. at 45 F

{T = 36 F).
U135

(b) Microcrack: etch-pit relation-
ships confirm that ferrite cleavage

occurs on {001} planes, R-specimen

form plate B-23 pulled at -315 F.

(¢) Examples of intercrystalline
fracture {indicated by arrows) in
Z-divection specimen from plate
G-2 pulled at =278 F

(0T = 315 F).

Fig. 19 (a), (b), and (c). Examples of Fracture in Charpy and Temsile Specimens
Tested Wear the T or DT. 8% Nital etch. 450X
~15
Electron_Fractography: Examinations were made on the fracture surfaces

of tensile specimens from plates B~2, B-20, and B-23 (Table II) taken along
both R and Z directions and broken at temperatures from -630F (-539C) to
~4O5OF (~243°C). Other studies were made on the delaminations, or rolling-
p!ane splits, in R-direction specimens of plate B-23 {(Figure 7); although

........ b ardon a ma
surfaces of such orientation would be expected to yield the more detailed

information on fiber structure, they seem not to have been investigated in
work to date.

On all fracture surfaces, irrespective of macroscopic appearance, there
were clear indications of cleavage and shear. The former 1s identified in
Figures 20a and b by the usual ''river markings'' and the '"tongues'' formed
through intersections of cleavage cracks and twins; the latter is repre-
sented in Figure 20c¢c by the parabolic markings developed at inclusion sites.
Although the amount of shear became less with falling test temperature, some
was aiways found, even at the lowest temperature. A third type of fracture

is shown in Figure 20d. It was observed with the least frequency and i3
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Fig. 20. Ezamples of Cleavage (a,b}, Shear (c), and Intercrystalline (d)
Fracture in Electron Micrographs.

T 93 e

(a,¢) Delamination surface in an R-direction specimen of plate B-23 ulled
gt -9272 F (DT = -333 FJ.

(&) Fracture surface of a I-direction specimen of plate B-28 pulled at
-336 F (DT = -180 F).

(d) Fracture surface of an R-direction specimen of plate B-2 pulled at
-405 F (DT = -342 F)

characterized by a smooth, wavy surface free of 'river' and ‘'dimple" markings
but containing inclusions; it might be classed as intergranular, resembling
as it does the fracture frﬁm intergranuiar stress-corrosion™C or that found
in oxygen-embrittled iron. L

A number of observations were made of inclusions on fracture surfaces.
They occurred with the lowest frequency among the obvious examples of
cleavage. The greatest concentration of inclusions appeared on the de-
lamination surface in R specimens of plate B-23, as brought out by selected
illustrations in Figure 2}. Since this was also the rolling plane, the high
density and alignment can generally be understood. Because of cleavage steps
observed in adjoining areas, Figure 2la is identified as cleavage. The
alignment, presumably in the rolling direction, is most clear in Figure 21a
with the particies in view being well flattened and apparently broken up
into discs of 1p or less in diameter by the heavy, low-temperature reduction.
With reference to Figure 20d, the other examples in Figure 21 might be
classed as intergranular. 1In Figure 21d, the local density is extraor-
dinarily high; perhaps it refliects an accumulation of sulphide inclusions
from interdendritic segregation. 2,



Fig. 21. FElectron Micrographs of Inclusions in the Rolling-Tlane

Delaminaifon Surface of Fracture in F-direclion Specimens of Plate
B-23 bulled at -272 (a tc d) and at -2¢1 F

(e, ). (00 = 588 1) (a,e,F) : Cleavage. (h,z,d) : Tutergramdlar

Even though the regions of structure shown in Figures 2la to d are only
limited in extent, the understanding of many more macroscopic observations
is improved by having noted them. Such aggregations of particles would con-
tribute to the ''woody'' appcarance of separations along the roiling plane.
They could be respensible for initiation of below-vield fracture (especially
in the 7 direction) and delamination, and for tensile fracturing apisotropy
in qeneral, which is known to be related to mechanical fibering.™? They
may also correlate with the microfissures of about 5Su tength and 2y spacing
observed in earlier work near the notch root of a Charpy specimen broken
with only & foot-pounds energy absorption." Further {and more typical)
views of inclusions on cleavage surfaces, still in the rotling-plane
delamination, are shown in Figures 2le and f at higher magnification. Here,



_27-

inclusions are more randomly distributed; as the size is reduced, towards
about 0.1y, they become more nearly spherical as well.

DISCUSSION

Observations have been made on several elements of structure as they
relate to the ductile~-brittle transition in ship-hull steels. Ferrite grain
size proved to be by far the most significant, which confirms what is known
from long experience, and it was shown once again that the Ty . transition
temperature is lowered by about 20°F (119C) for each unit of increase in
ASTM grain-size number. There can be iittle doubt that the structural route
to low transition temperature lies aiong a2 trend line of the kind drawn in
Figure 13. At the same time, the problems in attempting to follow such a
route, within the framework of conventional practice, have been indicated.

In B steel, the result of more-or-less conventional finmishing was
ASTM 7.10 in B-12 (Figure 2). The smallest size was only ASTM 8.65 in
B-20, produced by the unconventional 60 percent isothermal reduction at
1450°F, The grain size in other plates rolled at T450CF was generally
the next smallest, by about 1 ASTM unit (8-13, B-10, and B-22); of these
plates, the Royal Netherlands practice was most closely simulated in B-22.
Thus relatively little has been done to improve on established controlled-
rolling practice for ferrite grain-size refinement. Similar findings were
made in C-steel plates. The smallest grain size now was ASTM 8.3 in C-L,
reduced 50 percent isothermally at 16009F. The result of a more nearly
standard practice was ASTM 7.7 in C-12.

Procedures to follow in moving still further down the Ty_;c vs.
ASTM No. trend line can be imagined, suggested, and even cited Trom
experience., However, all would involve operational problems, difficult
if not impossible to sclve in current practice.

Small ferrite grain size is to be expected from austenite that is
fine-grained prior to transformation.22,23 Therefore, the need is to
minimize pre-transformation austenite grain size. This can be done, in
principle at least, by restricting austenite grain growth before reduction
begins; some obvious possibilities are to introduce grain-refining agents
in steel-making so as to elevate coarsening temperature, or to cool
and transform before reheating and rolling rapidly at the lowest possible
temperature above the critical range. It can also be done by ensuring a
maximum density of nucleation sites for austenite recrystallization during
hot-woriking; now, the emphasis could be placed on heavy reduction to in-
crease the ratio of grain-boundary area to grain volume23, 2% or on included
particles which act as intragranular nucleation centers.23; Still other
possibiiities relate to cocling-rate control, to minimize time for austenite
qgrain growth in the interval between reduction and transformation, and to
accelerate transformation; response to efforts in this direction should be
improved in thinner plates.

Apropos to the last point, Stout and co-worker547 found significant
improvement in the notch toughness of pressure-vessel steels if, instead
of normalizing, cooling from the austenitizing temperature was accomplished
by spray-quenching; the effect was reported to result from ferrite grain
refinement, although no quantitative comparison of grain sizes was estab-
lished. As a further illustration, a ferrite grain size as small as ASTM 1]
has been obtained in AISI 1020 Si-Al-killed steel bars by cooling from the
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austenitizing temperature in air (to 1300°F), followed by lead (at 1100°F),
and finally with a water-quench.4 More pertinent to_the entire last para-
graph, the results of recently reported experiments™ on medium-carbon steels
demonstrate how extraordinarily small ferrite grain size may become under
some conditions: The work involved heavy reduction at a temperature just
above the upper critical and holding briefly for recrystallization before
final cooling and transformation. In one example, an Al-killed 0.4 percent

€ steel plate 0.11 inch thick was reduced about 73 percent (to 0.03 inch) in
one pass at 1500°F, held at this temperature for 10 seconds and air-cooled,
to acquire a grain size of ASTM 1lh.

The development of the smallest grain size of ASTM 8.65 in plate B-20
of the present work is at least consistent with that pattern. The 60 percent
reduction at 1L50CF was probably completed above but near the upper critical
temperature. It might be wondered if any more refinement could have been
obtained by faster reduction, shortened cooling time, and smaller prior
austenite grain size. In comparison of as-rolled grain sizes, those of
Class C were generally the smaller for reason of the fine-grain practice
and the fact that C-steel plates were cooled and reheated through the
critical range before rolling. MNevertheless, improvement measured by the
difference between ferrite grain size produced according to conventional
and controlled practices was about the same for both B and C, cf. Figures 2
and 13. Apparently this has not been the finding of others who have reported
greater improvement in semi-killed material.

Normalizing after rolling is a possibility for further grain-size re-
finement, although its effect on B steel was clearly adverse, acting to
coarsen grains developed in low-temperature (1450°F) reduction. 1In addition,
it produced the genera! elevation of trend line by allowing Widmansté&tten
structure to form (Figure 13a), There was no grain coarsening in C-steel,
the holding temperature being below that level, but neither was there any
significant refinement either after the low-temperature finishing. 1Instead,
the comparison for C-steel suggests an equivalence, in capacity for grain
refinement, between normalizing and low finishing temperatures.

After exhausting the possibility of toughening by grain-size reduction,

at least one alternative remains. With reference to Figure 13, this is a
vertical descent exploiting any available extra-grain-size effects., The
largest of these are generally chemical in origin, as reflected in the
separation between as-rolled 8 and C trend lines {Figure 13d) and in the
various transition-temperature formulas with their terms for calculating
the contributions of individual components.?:5 However, such effects may
also be relasted to rolling practice.

Mechanical fibering has been identified as the source of one in the
non-chemical category. Since this is a common development in wrought
materials, its contribution ought to be expected more generally than not.
The amount by which transition temperature may be lowered has been evaluated
according to different criteria and found, in the case of Ty-15, to be of
nearly the same magnitude as the experimental uncertainty of measurement.
Therefore, with the range of rolling conditions involived in these experi-
ments, it is perhaps not surprising that the specific effect was not
isolated, although the prerequisite structure was present and studied in
some detail. 5Still another such effect may be based on the preferred
crystallographic orientation found after rolling as high as 14509F, but
much more in evidence after the 1250°F reductions; both the mechanical and
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crystallographic anisotropy can be identified broadly with texture. 1In
principle, the latter can contribute as either a negative or positive
extra-grain~size effect, depending upon details of texture. In hot-rolled
steels, it is probably subtle in the extreme, although in inherently wore
anisotropic materials the contribution may be large.’? Residual cold work
underlies the remaining effect, which is negative in character and must
function as a structural, if not praciical, deterrent to finishing too jow
in temperature. The amount of embrittlement, rated as an increase in Ty.g
for fixed grain size, can be rationalized with available theory, as it has
been applied before to the similar problem of irradiation embrittlement
(see Appendix).

SUMMARY AND CONCLUSIONS

The influence of hot-rolling practice on the structure and mechanical
properties of ABS Class B and fine-grained Class C steel plates was studied
over a wide range of rolling temperatures and reductions. Charpy V-notch
15 foot-pound (Ty-15) and 50 percent fibrous (TV-SO%) transition temperatures

were found to be much more sensitive to rolling history than the tensile
ductility-transition temperatures.

tower rolling temperatures, down to about 14509F, improved the notch
toughness equally for both steels. Refinement of the ferrite grain size
over a limited range was primarily responsible for this improvement, the
grain size dependence of Ty.jg being -20°F (11°C}/ASTM No. The transition
temperatures of Class C plates were uniformly lower than those of Class B
for reason of differences in chemical composition.

The extra-grain-size effect of microfissuring on transition temperature,
reported earlier, was too subtle for clear observation here, thouah good
correlations were estab) ished between tensile fracturing anisotropy and
mechanical fibering intensity. The fine-scale inclusion fiber structure
important in this connection was identified by high-magnification electron
microscopy.

Residual cold work in varying amounts in plates rolled below 14509F had
an embrittling effect; a similar but much smaller effect has been associated
with the crystallographic texture in these plates.

Heavy reduction at about 1hWS0CF is indicated as having the most potential
for improvement of notch toughness. This would involve a substantial lowering
of finishing temperature and would probably represent even more radical de-
parture from the conventional than found in current "controlled roliing"

practice.

Normalizing destroyed the grain refinement achieved in (lass B plates by
low-temperature finishing, but no effect on Class C plates studied. Effects
of annealing and homogenizing treatments on 1‘\,_]5 were consistent with a
change in ferrite grain sizZe.

There were no significant correlations between the volume-fraction,
patch size, or interlammellar spacing of pearlite, on the one hand, and
rolling history, heat treatment, or transition temperature, on the other.
Embrittiement was observed after subcritical amnealing, which is believed
to bear some relationship to the resulting spheroidization of cementite.
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APPENDIX

Microstructure Data and Test Results

TABLE IA. PLATE IDENTIFICATION AND PROCESSING DATA.
ABS Class B, 1-1/2-inch thickness®
Rolling Plate Reduction in Average Measured Temperature Change
Practice Identification Thickness, Finishing Temperature,™ during Rolling,
Number % oF oF
Isothermal 2 15.2 1950 =100
" 19 15.0 1640 - 60
" 10 15.0 14445 - 45
" 25 1h,9 1275 - 15
Isotharmal 8 30.1% 1945 - 90
" 16 29.8 1640 - 4
o 13 29.7 1445 - 35
' i 29.8 1260 - 20
Isothermal b £9.3 1950 - 55
" 11 59.0 1650 - Lo
" 20 59.0 1450 + 15
" 23 58.6 1260 + Lo
Non-isothermal 12 29.8 1595%% -230
) 22 29.7 14557 -195
1 29.8 12507 -205
ABS Class C, 1=1/h-inch thickness*
Isothermal 7 21.0 1980 -——-
" 8 20.8 1800 ——=-
" 9 20.9 1600 ————
Iscthermal 2 51.2 2035 - 30
" 3 50,1 1815 +10
" 4 49.8 1595 - 10
Conventionai 17 52.0 18007 - 250
+

rolling above 2000°F.

Class B plates were air-cooled to isothermal finishing temperatures after preliminary
Class C plates, on the other hand, were cocled to room temperature,
reheated to 2050°F and held for two hours before isothermal finishing.

Temperatures were measured continuously during rolling by shielded, chromel-alumel thermo-

couples inserted in 3~inch-deep holes drilled at midthickness in one side of each plate.

Ak

Temperature of the finishing pass.

with temperature gradually dropping from 2090°F to 1B0QOF,

Plate C-12 was given the last 50% of its reduction
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CHARPY TESTS - EXPERIMENTAL DETAILS AND STATISTICAL ANALYSIS

Charpy specimens were tested at temperatures from 212°F to -60°F. For
cooling below room temperature a mixture of acetone and dry ice was used,
while a water bath was used for higher temperatures. The specimens were
held at temperatures for about 15 minutes and broken within 4 seconds after
removal from the bath., A 264 foot-pound Tinius 0lsen testing machine with
striking velocity of approximately 17 feet per second was employed. The
fracture surfaces of the broken bars were examined under a stereoscopic
microscope at low magnification {7X), and the amount, in percent, of
fibrous portion of the fracture was estimated. From the energy absorbed
and percent fibrous vs. temperature plots, the Ty.15 and TV—SO were
determined. Typical curves are shown in Figure 'A for plates B-9 and B-20,
Altogether two bars were machined from the plate thickness, and were evenly
spaced to minimize the effect of varlation in microstructure. No correlation
was found rbetween the scatter and Tocation of specimens in the piate.

The experimental uncertainties in transition temperatures have been
estimated on a statistical basis using the values of standard deviations
established earlier by Rinebolt and Harris,'™ with the assumption that the
same magnitude of scatter is involved. From results of extensive testing
they calculated the standard deviation (g) of the Ty.j5 and Ty.gpy, with
five specimens tested in the transition region, to be g.ZOF and IZ.OOF,
respectively. With twelve specimens being used instead in these experi-
ments, the standard deviations were adjusted®® to 5.3°F and 9.0°F,
respectively. The uncertainty in transition temperatures is then given
by + 20 with 95 percent confidence, or + 10.69F {6°C} and + 189F (10°C),
respectively, in the two cases. Further, the difference hetween two
transition temperatures must exceed 2.38g if it is to be significant
with 95 percent confidence, or 159F (8.39C) and 25°F (14°9C), respectively.

REPLICATION TECHNIQUE FOR ELECTRON MICROFRACTOGRAPHY

Chromium-shadowed, negative carbon replicas of the fracture surfaces
were prepared by a two-stage technique, which was essentially a modification
of one described by Bradley.2;3 First, a 0.0075 in. thick cellulose acetate
strip, softened with a drop of acetone, was moulded under pressure against
the fracture surface, and allowed to dry. This was then carefully stripped,
and the step repeated once more to clean the surface before obtaining a
usable replica. Next, a thin layer of chromium (approximately 50 A® thick)
was deposited on the replica by vacuum evaporation at approximately 259 to
the replica plane. This was followed by a thin deposit of carbon by
Yrotary shadowing'' at nearly normal incidence. Finally, the replica was
placed with its cellulose acetate side down on an electron microscope
specimen - grid supported by a fine mesh screen. The latter was then

%  References appear at end of Appendix.

¥ Standard deviation of a mean of n values =

1

Sla
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and 20, Showing Determination of T . and T 50y

placed on the surface of an acetone bath (so that the replica is wetted
by, but not submerged in, the acetone) to dissolve away the acetate,
leaving behind a chromium - shadowed, negative carbon replica to be
examined.

A Siemens 100 KY electron microscope was used for the purpose. The
resolving power obtained with the replication process described was about
0.05u. Fracture surfaces at magnifications ranging from 4,000X to 40,000X

e L£..1 1., maveammd o
COUIT U BE DSULLESDITUITY TAGIILIICU.
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TABLE TIA. MICROSTRUCTURAL AND HARDNESS DATA.
ABS Class B, Heat-treated
Flate Grain Size, Inclusion | Pearlite | Pearlite | Widmanst3tten | Hardness,
Number Heat-treatment ASTH Number Count, q Volume % Patch Structure, Rockwell B
TT:Z_ Size, mm Volume %
2a Normalizing 7.40 | 7.45 L3 24,0 0.016 35 69,0
10a " 7.45 7.45 57 25.5 c.o018 15 68.0
25a " 6.95 ]7.15 62 24,5 0.0185 10 68.0
16a " 7.00 7.00 Ly 26.0 0.011 25 £8.0
9a " 7.55 | 7.50 55 24.0 0.015 10 67.0
20a v 7.50 7.50 88 27.0 0.0175 10 67.5
108 Full-Annesl ing 5.60 |5.80 b5 28.0 0.035 0 62.0
20C " " 5.75 | 6.00 69 25.0 0.033 0 61.0
Be Suberitical Annealing | 6.70 | 6.70 b 23.5 0.017" 0 60.0
9f " " 6.90 {7.10 70 25.0% 0.018% Q 63.0
9F L " 6.50 6.75 41 23.0% 0.018* 0 6.5
16F u l 7.60 | 7.65 60 21.0% 0,0145%F 0 62.0
8g v 1 6.35 6.35 L7 23.07 0.0175% 0 57.5
8G " " 6,20 |[6.20 4y 18.5% 0,0185* 0 57.5
a4 Homogenizing .20 k.20 20 23.5 0.050 5 £2.0
8Haa H-N-N 7.25 | 7.25 18 27.0 0.018 20 68.0
8HaA H=N-A 5.80 |5.80 22 26.0 0.038 0 59.0
ARS Class €, Heat-treated
ba Normalizing 8.65 8.65 55 . 0.0H1 0 69.0
7a " 8.50 8.50 42 21.0 0,0115 [+ 66.5
Lf Subcritical Annealing | 8.20 | 8.20 77 19.0% | 0.0135% 0 64.5
7¢ " " 6.90 | 6.90 66 21,0% 0.0165 0 62.5

+ MNumbers indicate rolling histories and heat-treatments listed in Tables II and III, respectively.

Refers to partially or completely spheroidized areas.

EXPLANATION OF FOOTNOTES

+  Numbers indicate rolling histories listed in Table II.

¢ There was a noticeable gradation in microsturcture across plate

thickness.

In general, smaller grain-size and larger amounts of

pearlite and Widmanstitten areas were observed near the surface
than at the center; above values represent average measurements.
++ Average of at least five measurements,
* Rockwell~-B hardness measurements were made along the width and thickness

of the plates,

* ¥

STABILITY OF AUSTENITE DURING ROLLING AT 14509F

Hardness at the center was smaller than that at the
surface, up to a maximum of 6.0 units; the average values are given above.
Values subject to large scatter due to stromg banding.

Depending on the rate of cooling, the upper critical temperature in
steel (Ar3) is depressed more or less below its equilibrium value (Ae3).
For example, in a steel of similar composition to that used here, the Ar
for cooling at the rate of 259F per minute was lowered to approximately

13909F compared to the Ae3 value of about 15500F 4

The over-all

rate of
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TABLE ITA (CONTINUER) MICROSTRUCTURAL AND HARDNESS DATA.

ABS Class B
Plate Grain Size,* Inciusion*™ | Pearlite,® | Pear)ite Patch Widmanstiitten® Hardness,™
Number® | ASTM Mumber Count, q Volume % Size, mm structure, Volume % | Rockwell-B
R-T-2Z T-Z
2 6.45 6.60 43 22.0 0.0215 5 64.0
15 6.95 7.10 55 21 .0 0.020 [ 63.0
19 7.80 7.80 57 26,5 0.015 5 £3.5
25 &.80 6.90 ig 23.5 0.0i6 i5 74.0
] 6.50 6,70 18 22.5 0.021 0 63.0
6 7.40 7.55 62 23.5 0.018 0 69.0
13 7.90 |[7.90 57 25.5 0.015% 0 68.0
9 7.30 7.55 66 23.0 0.015 15 74.0
& 7.15 | 7.15 5t 22.5 0.0185 i} 66.0
k! 7.40 | 7.b0 66 20.0 0.018%* 0 69.5
20 8.65 | 8.65 103 23.0 0.015%* 0 9.5
23 6.60 7.45 106 24.0 0.019 15 79.0
12 7.10 7.25 48 20.5 3.0155 ¢ 6L,
2 7.60 7.70 67 20.5 0.014% 0 67.0
) 7.80 B.00 70 23.5 0.004 5 75.0
ABS Clags €
7 7.15 7.15 56 22,0 0.016 5 66.0
] 7.00 7.05 73 21.5 0.0165 5 66,0
9 7.55 7.60 61 23.0 0.015 0 67.0
2 7.40 7.45 92 21,0 0.015 0 67.0
3 7.75 | 1.75 93 21,5 0.015 0 66.5
b 8,30 | 8.40 ag 22.5 g.015 ] 6.5
12 7.70 7.80 87 21,0 0.015 0 70.0

cooling from Aez down to 13909F for the plates rolled at 14500F in this
work may be approximately equated to

1550 - 1390 1
t, (liléil_:ETLéiﬂi) 4+ 1.5 —J

340F per minute
5

where the (ISSO ;013 0) in the denominator is the time for air cooling at a
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Fig. 2A. Microstructures of As-Rolled Class B Plates (B-Z Plane). 2% Nital
etch, 135X

rate of about 50°F per minute,? and 1.5 is the time in minutes for the gix
passes in the reduction schedule.5

The Ar; at this cooling rate should be even lower than 13909F. Since
at the term;nation of rolling, the plate temperature ranged from approxi-
mately 14509F at center to 14000F at the surface, the austenite transforma-
tion probably did not begin until some time after complietion of rolling,
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Fig. 24 {conmtinued). Milcrostructures of As-Rolled Class C Plates {R-Z Plane). 2% Nital etch 36 X
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B Hardness for Class B and Class ' Flates Behavior in Class € Steel. Shaded
in As-Rolled (#) and Heat-treated (0) areq approximately represents duplex
Condition. Plates rolled at 1250 F (&) were grain-size fleld. Az locates the
significantly harder than others owing to equilibrium value of the upper
residual cold work, while those suberitically eritical temperature.

annealed at 12350 F () had somewhat lower
hardness because of sphervoidization of
cementite.

AUSTENITE GRAIN COARSENING IN CLASS C STEEL

The austenite grailn-coarsening behavior of ABS class € fine-grained
steel was studied by austenitizing samples for 1 hour at temperatures from
1580°F to 21009F, and rapidly quenching in water. On etching with a
5 percent aqueous solution of ferric chioride, the resulting microstructure
was observed to consist of low-carbon martensite with a network of ferrite
at the prior austenitic grain boundaries. The coarsening temperature was
observed to be about 1725°F, at which the average austenite grain size
underwent a sharp increase from 8.0 ASTM No. to nearly 2.0 ASTM No., as
shown in Figure 4A.

THEORETICAL IMPLICATIONS

The Ty_yjg measurements relating to the grain-size effect and two of
the extra—gra%n-size effects can be rationalized to some degree with current
fracture theory, The occurrence of brittle fracture is influenced by
factors which govern plastic yielding; according to Cottrell,6 the condition
for ductile~brittie transition is defined by the equation:

o, k d'“=pyn (1)
Y ¥
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TABLE IIIA. TENSILE RESULTS.

ABS Class B

* puctility-Transition, OF Fracturing Anisotropy Ratios**

Plate | Thickness (2) | Roliing (R) | Sz LA 2 (f_z)*
Number* Direction Direction eR)RT GR RT Op max Ta
2 =315 -324 0.50 0.63 0.78 0.97
19 -297 -333 0.37 0.60 0.62 0.87
10 =315 -315 0.39 0.62 0.69 I.00
25 -297 ~315 0.45 0.62 0.74 0.88
8 -315 -324 0.51 0.62 0.7} 0.92
16 -297 -1351 0,30 0.55 0.58 0.78
13 -297 =333 Q.47 0,481 2.566 0.8
g -243 -31% 0.39 0.60 0.63 0.76
6 ~306 -333 0.48 0.65 0.66 0.88
11 -297 -3 0.30 0.57 0.60 0.78
20 -261 -3k2 0.25 0.52 0.57 0.68
23 -180 -333 0.31 0.59 0.53 0.57
12 -333 -333 0.45 0.62 0.68 1,00
22 -270 -342 0.h1 0.59 0.66 0.77
] -288 =333 0.39 0.60 0.65 0.83

+  Numbers indicate rolling histories listed in Table II.

++ AT represents room temperature,
The "max'' subscript means that values were obtained from the peaks
of the stress vs. temperature curves.
The * symbol means that the ratio is formed of stress values at
the ductility~transition temperatures.

TABLE IIIA ( CONTINUED). TENSILE RESULTS.

ABS Class C
Fracturing Anisotropy Ratios+t
Plate+ €2 o,
Number (E:)RT (O’—)RT
7 0.210 0.58
8 0.121 0.47
9 0.157 0.52
2 0.113 0.45
3 0.121 0.k
4 a.110 T
12 g.146 0.52

+ Numbers fndicate rolling hisotries
1isted in Table II.

++ RT represents room temperature.



-3

where o, is the lower yield stress, k, is a dislocation locking strength
parameter, d is mean grain diameter, E is a constant depending on the type

of stress system, ¥ is the effective surface enerqgy, and p is the shear
modulus. When the left-hand side exceeds the right-hand side, depending

on temperature and strain-rate, the condition for crack growth is satisfied

and brittle fracture results, The critical temperature at which the con-
dition is just satisfied for a given strain-rate is the ductility transition
temperature; such a temperature can probably be identified with the

15 foot-pound levet in a Charpy V-notch test (Ty.jc). For a given material,
equation T predicts the transition temperature to ge a fupction of grain~size,
the friction stress on a free dislocation, gj, the distocation locking strength,
and the degree of triaxiality of stress. Predictions of the theory have been
found to be in reasonable quantitative agreement with experimental measurements
with studies of transition temperature in relation to grain-size, strain-rate,
and radiation.®7 Petch8 has derived a similar equation for the fracture mode
transition from ductile to cleavage; this also gave reasonable explanations of

the effect on transition temperature of grain-size, quench-aging, prestrain,
and strain-aging,

In the present work, ferrite-grain-size appears as the major structural
variable affecting transition temperature. Using theory at hand, the grain-
size dependence of TV__'S found here can be rationalized.

Differentiating equation I, assuming that B y u is Iin fact a constant,

1/2 -1/2
ATy, - B(UY k, d77)/ad
2T V77
Od (cy ky WorT
3o S 4172
1/2 y d
“ ¢ AR ey Ky a7
= - - ak
1/2 1/2
k, d (———1\T ) +o5 d (-;—1#)

V, k_is independent of temparature,
Therefore, y
2 1/2
ATV-’S ky + d Uy l'cy d
- - ag
Ad 1/2 q172
“y &7
o d1/2
b0 -
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TABLE IVA. CHARPY RESULTS.

ABS Clasgs B ABS Class B, Heat Treated
=
Plate T (oF) | T . (9F) Plate T {°F) Tu_cny (OF
MNumber v-15 v=50% Numbes+ y-15 V-50% }
2 30 72 2a 36 82
19 75 (34%) 55 (55%) 10a 25 72
‘0 9 . 52 25a 32 75
25 54 {73%) 93 (99™) 162 30 83
9a 28 68
8 30 a2 20a 4 68
6 1o 39 )
13 16 1 108 46 a5
9 68 a1 20¢ 4g 82
6 18 59 Be 48 a1
n 12 50 of 57 108
20 -9 16 9f 61 gi
23 57 73 16F 37 68
Bg 82 140
12 23 68 Ba 82 133
22 1 4
\ 37 B4 8h 75 (75%) 131 (1279
BHaa 36 93
ABS Class € BHah B 50 (50%) 100 {100%)
7 0 61 ABS Class €, Heat Treated
8 -4 57
9 -9 52 4a =31 9
7a -29 8
2 -17 41
3 -26 34 N -6 43
L -29 18 7 27 9
12 -8 61

+ Numbers indicate rolling histories
listed in Table TI.

% Specimens taken along transverse
direction in the plate with notch
along the thickness directiom.

Evaluating the right-hand side requires data for both numerator and denominator
taken under conditions existing near the notch root in & Charpy bar at the
ductiiity transition temperature (Ty_j5). The best supply of such data wouid
come from smooth-bar tension tests as a function of temperature at the charac-
teristic Charpy stralp-rate. Unfortunately, those experiments have not been
made. According to one interpretation of the theory, however, the important
thing to know is the value of g, at transition--in the presence of a notch in
the Charpy example. The reason’ is that if k, is neither temperature nor
strain-rate dependent, and grain-size is fixed by considering a given material,
only g, is left to satisfy the left-hand side of equation Y. RNow, ductility
transi¥ion temperatures have been measured using low strain-rate notched-tension
tests; in l1ight of the preceding remark, g, under these conditions ought to be
the same as that prevailing at the Charpy notch-root. O0f course, the temper-
ature for notched-tension transition will be lower owing to the lower strain-
rate, but gy should be the same. Going further, the notched-tension ductility
transition usually falls about 1BOOF higher than the smooth-bar tensile-
ductility transition;® in the present work, the latter temperature is -2300F
on the average (Figure 8, R data). Therefore the notched-tension temperature
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would have been about -150°F, had it been measured. The conventional tensile-
yield vs. d=1/2 plots contain one for -1459F; the oj value at this temperature
{Table IV) is close to 36,100 psi; that value would be introduced in equation I1.
From all g vs. T plots (examples shown in Figure 5), the avera?e (Eic /3T) at
-1509F was approximately -250 psi per ©F. Finally, choosing d'/2 = ol 19 milii-
meter! /2 for an ASTM grain-size number 7.5; the grain-size deoendence of Ty_1g
that comes from equation II is equal to -27.5°F per milllmeter ]/2 or - 260F
per ASTM number, which is in reasonable agreement with the experimental
dependence of -209F per ASTM number.

The amount of cold-work embrittlement, rated as an increase in FTy.)g for
fixed grain-size, was estimated for each of the 12509F finished plates,
Average values of the friction stress increment, 13<xi, for each plate given
in Table IV are repeated in Table VA; the corresponding rise in Ty_,c observed

experimentally (extra-grain-size embrittlement) is included for comparison.
Differentiating equation I,

1/2
ATV-—IE . 3o, EECH
Doy k d‘ VR
i a(oy y )/
G
- 1/2 1
d
‘ k, (;5;':) ‘
o 172 ,°9 12 CK
S
e R e i
!
=" Tdo.
%)
TABLE VA. COLD WORK EMBRITTLEMENT.
Plate Average Increment ZSTV-IS {SF)
Number* Rolting History in Friction Stress,
Z;Ei (1000 pst) Experimental Calculated
B-23 60% at 1250°F, 1s0. 16.0 43 A
B-9 30% at 12500F, I50. 12.0 56 ' 48
B-25 15% at 1250°F, 1S0. 5.5 27 22
B-1 30% at 1250°F, NON-ISO. 6.5 34 26
+
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on simplifying, since ky is again independent of temperature. Substituting
for (o cY/B T) as before:

ATy s (°F) = 0.004 Da, (111)

v

Values of A Ty_15 (°F) were calculated from equation IIT for each plot, and
results compared with experimental values in Table VA, are in reasonable
agreement.
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