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INTRODUCTICHN

The effort to producs mild-stzel plates with improved resistance to brittle
fracture has led to some experience with regard to the influence of various proc-
cess factors on notch toughness. Improved stezis can be made, using the knowl-
edge derived from this experience, by centrolling one or more of these factors.
The effects of the various factors seem to be additive, so that the best resultsare
chtained by keeping all of the known variables at their cptimum levels.
The relative importance of the process variables scems té be dependent on :
the test criterion chosen. one variable, for exempls, would mawnly improve frac-
ture appearance, whereas ancther would mainly affzct impact energy. This diver- '
gence of effect between process variables would explain the lack of correlation
between different test-criteria in comparing plates tha: have been processed in '
different wavs. Fcr plates having intermediate quality with regard to notch tough-
ness, this point is especially important, since in ohigining this quality Lisually
only one or two of the known process factors are controlled in order to obtain the
required properties. In-cther words, intermediate quality plates may be made in
different ways; which way should be chosen by the steeimaker? The answer to
tnis question depends to a large extent on the choice of test criterion. This cholce,
Rowever, is still different for different users and classificat‘ion sccieties, because
a2pparently insvufficient commeon knowladge exists ebout the correlation betwesn test
critcria and service behavior. Further investigaticn in this field would seem to be
very necessary, especially since the bes_t way to classify steels should be based,
in my cpinion, on requirements that can be measurasd on the finished groduct. !
Specification of manufacturing grocess by the user should be aveoided because this
ma+y lead to uneconcmic production and may neot always be sufficiently adequate.

E.amples supporting this view will be given in scme of the following paragraphs.
PROCESS VARIABLES

The following process variables will be discussed

-chemical analysis (especially manganese and carbon content)

EEEE S
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-plate thickness

-{inish-rolling temperature !coatrulled-rolling practice)
~deoxidaticon {semikilled versus Al-killed;
-normalizing

-cross rolling

Mn/C RATIO AND THICKNESS

The influsnce of Mn/C ratio and thickness on Charpy-V test results is
shown in Figs. 1 and 2. These results apply to semikilied {balanced} ship steel,
rzlled according to normal rolling practice, Finishing temperatures have not been
measured for individual plates. The plates concerned were 1aken from current pro-
duction; 65 casts and 105 plates were inveolved. The Mn content varied between

0.60 and 1.15%. The results obtained have been divided into three groups of Mn

content: 0.60-0.70, 0.75-0.85% and 0.87-1.15%. Each of these groups has been
divided into three thickness greups, Further details can be seen from Table
from ~vhich the Figs. I and 2 were made. The Charpy tests werz taken parallel to
the direction of rolling.

Figure 1 shows that the 15 ft-1b transition temperature incrcases with in-
creasing thickness for all of the three average Mn contents. This effect is due to
coarsening of the grain, caused by the imercase of finishing temperature and the
decrease of cocling velocity aiter reolling, when the thickness is increased. The
favcrable influence of high manganese on the 15 ft-1b transition temperature is
clearly shown. For the three thickness groups in this particular investigation,
this temperature 15 decreascd by about 25 C when Mn is raised from average 0.67%
to 0.95%.

Figure 2 shows the influence of Mn and thickness. for the same collection
of plates, on the 30% fibrous-transition temperature. The average overall effects
of Mn and thickness on this ¢ritericn appear tc be smaller. Further, 1t would secm
that the favorable influence of high Mn, in this case, is not independent of thick~

ness: the effect is smaller for the thickest batch of plates.
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15 1k ibs O - normal rolling practice

+10°C trans. termp- tin. temp. appr. 550 *C

X - contralled rolling
fin. temp. 850 °C

A - controlled rolling

\ \ : fin., temp. 740 °C

\ n:z24 n = number of plates

Semi killed steel
Piate thickness 31 mm

ol \\
X =2 \\\\\\ Charpy - v
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Mn/C RATIO AND CONTRQOLLED RCLLING

Figures 3~-7 show the influence of Mn and controlled rolling on Charpy
V-notch and slow notch-bend-transition temperatures, The infiuence of plate
thickness was eliminated by converting the available data to a plate thickness
of 31 mm. This was done by interpolation, using graphs of transition tempera-
ture against thickness. The results were obtained on semikilled steel, The
Charpy tests were taken parallel, the siow nctch-bend tests perpendicular to'
the direction df rolling. Further details of the plates concerned may be seen
in Table 2.

The graphs clearly show that both high manganese and controlled low-
finishing have a beneficial influence on netch toughness. However. there is
a marked difference with regard to the relative importance of the effects, de-

pendent on which test critericn is used.
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TABLE 2

IMPERATURE CN CHARPY V-IQTCH AND SLOW
D bTEEL (PLATE THICKNESS 31 MM).

1. Ncormal rolling

practice

fin. remp. appr. $50 C

. Contrelled roliing

fin. tzmp. 850 C

. Controllad ralling

fin. temp. 740 C

-1

plate thickncss 38

plate thickness 13

ad, 2

plate thickness 31

3
plate thickness 31

mm

mm

mm

Number of

pla

N

o)

M/C

ratic,

Remarks

[P SV
e

12
15

LU SV o]

3
4

Number of

£

[¥5]

o
L= (Wape]

1br,

15 It-lis, 35 fi-1b, 309% hibr.. 509 1 H
2 ss I 31 mm were dedeeed from
wroduction data by interpolation,

Slow Notch-Bend transg. toemp. {see ad i),

Dota rem o itmited investigation on the wxflucnee
of the Zimishing temocraturs (sec ad. 2).

rans. 1emp. for e plate thickness of 31 mm were
deduzed from preduction data by wnterpelation.
Data frem & himited investigaticn on the mfluence
of the fimishing terperature (see ad. 3).

Mn/C 32 mm

plates ratio Iibrous
SNB test 15 ft-Ib 35 ft-1b 309% fibr. 50% fibr,
1 3.6 40 (Six high-finished plates from the Roval
H 4,7 27  Duteh Steelwaorks sent te the S8C in Dec.
1 7.7 26 1¢57. From these data the 32-mm fibr.
1 4.1 30 trans. temp. in the SNB 125t were _deduced
1 4.7 6 for a plate thickness of 31 mm by interpo-
1 7.3 -3 lation,)
1 1.0 30 =11 3 9 21
1 3.8 17 -16 1 8 22
1 5.3 ? =30 -24 -10 3
1 5.1 16 -13 <] 10 23
1 7.1 =1 =20 =11 -19 -4
1 6.1 =22 -20 - 8 -19 -10
1 6.5 -3 -30 ~16 -23 -1
1 6.9 =1 -33 ~-19 -24 -11
i 6.6 -= -30 -20 -24 -11
1 7.3 -20 -28 -1¢ -29 -17
1 6.6 =26 -48 =37 ~40 -27
1 7.5 ~23 -31 -i6 - 30 ~20
1 6.4 - -42 -32 -40 -32
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The follow:ng conslusions mighi be drawn:
-For semikilled steel, normally rolied. an increase of the Mn/C
ratio causes improvements of the energv-transition temperatures
in the Charpy V-notch tes;t (15 ft-ib and 35 ft-1b), which are

- larger than the improvements of the fracture-appearance—transition
tempearatures (30% and 50% fibrous). Thus, high manganese, apart
from shifting the energy-versus-temperature curve to lower tempera-
tures, appears to raxso'tha maximum level of this curve, and raises

the energy level at 50% fibrous.

~For semikilled steel, controlied rolled, the difference between
énergy-and {racturc-appearance-transition temperatures in the Charpy

test, with rogard to their suscopiibity to increased Mn/C ratio, ap-

pzars to be smaller than fur normally rolied steel.

-For semikilled steel, controlied rolling appears to have a larger ef-
fect on the 35 f1-1b and the 50% fibrous-transition temperatures in
the Charpy V-notch test than on the 15 {t-1b and the 30% fibrous-
transiticn tc«mpczraturés. Thus, controlled roiling, apart from shift-
ing the energy-versus-temperature curve to Jower temperatures, ap-

pears to inzrease the slope of this curve.

=The wifzct of controlied relling on the fracture-transition tempera-
ture in the slow notgch-bend iast is almost twice as large as the ef-
fest on Charpy V-notch-transition temperatures.

The difference between the effect of high Mn/C ratic and controlled rolling
on test results is probably due to a difizrent influence of these factors on the micro-
srructurs of the finished pléte. Controlled roliing is known to affect mainly the
grain size. With ragard to the effect of a high Mn/C ratic on microstructure, no
zommen knowledgo seems to exist. The amcunt of pearlite. the spacing of cementite
tzmellas, and the sirength of the ferrite may be affected, perily owing to changes

in transformation characieristics.
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ROBERTSON TESTS AT DIFFERLENT LEVELS OF Mn/C RATIO AND
FINISH-RCLLING TEMPERATURE

The effects ¢f thickness, Mn and controlled relling, discussed in the
preceding paragraphs are confirmed, at lcast gualitatively, by the test results
obtained froem the 12 Duich plates {semikilled steel) that were sent to the Com-
mittee on Ship Steel for further investigation. In this program, twe thickness
levels (3/4 and 1 1/2 in.), three levels of Mn/C ratio and two methods of roll-
g (high finishing and controlled relling) were ¢hosen. Charpy V-notch and
slow noteoh-bend test results, obtained in our laboratory, were reperted to the
Committee in December 1957. Since then, Robertson tests have been made on
samples rom some of ithese plates by Professor Soets's laboratory at Ghent
University. In the first series of tests a temperature gradient was maintained
in the test piece, according to Robertson's method, in crder to determine the
arrest temperature, defined by the first appearance of shear lips at the edges of
the fracture. [t proved difficult to determine, with sufficient accuracy, the point
at which shear lips started. Doubt arose as to whether the appearance of a shear
lip was the right criterion. The shape of the brittle parabola, beyond the point
at which the shear lipg started, was found to be different for different rolling
meihods. TFor high finished steels the parabola was much longer and sharper,i.e.,
it extended much farther inte the region of higher temperatures. than for controlled-
rolled steels. Further, the appearance of the {racture surface was differernt: high-
iinished steel showed a coarse surface with chevron pattern, controlled-rolled
steel @ much smoother and {iner-grained surface. Meoreover it was found, in tests
with a uniform temperature in the propagation part of the specimen, that brittle
fractures could be accompanied by shear lips without being arrested in the test
piece (length 12 in.). After this experience it was decided to estimate the arrest
temperatures by means of a limited series of isothermic tests (about 4 or 5) from
each plate. In these tests the larger part of the specimen (beyond the initiation
cne) was kept at a uniform temperatura. After deoing a small series of tests at
different temperatures, an arrest temperaiure was estimated: above this tempera-

ture brittle fracture was arrested, below this temperature the whole test plece
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[v]
-10
=20
-30 - - - —
i
w | e .
n=6 R .
Mn/c ratia Mn/c ratio
4 5 & 7 8 4 5 6 7 8
o_normal rotling, fin.temp. 356*°C{appr). A.contralied rolling , fin.temp.740%C
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B plates (30 mm) of semi. kilied stzel from the Rayal Dutch Steslworks

sent lo the
_Nauonal Academy of Sciences (55C.) in Oecember 1957

fig. 8

broke in a brittle ménner. The arrest temperatures, fovund by this methed for 4
of the 12 plates (thickness 1 1/2 in.) are rcpresentad in Fig. 8, together with
some of the test results of Charpy V-notch and slow notch-bend testé. Ina
qualitativé way the Rcbertson results ars similar to the results in the other
tests. The influence of -ontrolled rolling, however, appears tc ke related to
the Mn/C ratio and vice-versa.

- It sthould be noted that the arrest temperatures found by isothermic tests

were considerably highar (sematimes 20 C) than the arrest temperatures esti-
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mated by the shear-lip method (n tests with a temperature gradient.

SUMMARY OF METALLURGICAL FACTORS

A summary cf the effects of various metallurgical factors on test results
is given in Figs. 9--13. Particulars of the steels concerned are given in Table
3. The effects of decxidation practice (Si-Al killed versus semikilled) and nor-

malizing, which were not discussed in the preceding paragraphs, may be de-

rived from the summarizing figures. No data were available on nermalized semi-

"killed steel.

Figures 9 to 13 are extensions of Fig. 1 in Vandérbeck's paper "Con-

trolled Low-Temperature Hot Rolling as Practiced in Euvrope" {Welding Jeurnal,

March 1958). The data on American and Belgian steels were repreduced from
Vanderbeck's paper {only 15 ft-1b transition temperature in the Charpy V-notch
test). The data on semikilled steels, discussed in the preceding paragraphs,
and killed steels of our own production have been added.

Figures 9 to 13 permit a check of the con-lusicns drawn in the preceding

T
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paragraphs with respect to semikilied sioels. Stecls (i), (2). (3), (4}, () and
(6) are semikilled steels, normally rolled, with respectively increasing Mn/C

ratics. Stesls (8), (9) and (12) are cortroiied-rollad, semikilled steels, again

with respectively increasing Mn/C ratics.

LContrary to wiat would be expected, the influence of plate thicknzss ap-
pears to be the same for high-finished and contrelied-rolled plates. (Compare
steels (5) and (6) with steel (12).) This might be due tc‘y) the fact that in our meth-
od of controlled rolling the thicker plates are rolled wit;\h smaller reduction-
percentages per pass than the thinner plates. 1
Steels (7)., (10) and (11) ars Si-Al killed steals,\f normally rolled, not nor-
maliied, with different Mn/C ratics. The relative posi;ion cf these steels in
Fig. ¢ shows that killed steel, as-rolled, can also be improved by increasing the
Mn/C ratic.

Steel (13) is a controlled-rolled. killed steel. Steels (14) and {15) are
killed steels. high-finished and then normalized. The position of these steels
in Fig. 2 shows that killed steel, as-roiled, can also bé improved by controlled
rolling, and that killed sieel, high-finished and then normalized, has better
properties than controlled-rolled killed steel, in the as—irolled condition.

Steels (16) and (17) are normalized, killed steelé for special applications,
Recent experiments with steel (17) have shown that the notch toughness of this
steel can still be further improved.

The main conclusions that can be drawn from Figs. 9 to 13, are relatedto
& comparison betwean killed and semikilled steels. Wifh regard to the 15 ft-1b

transition temperature in the Charpy V-notch test (see Fig. 2), the following

statements can be made: L

~In the as-rolled condition, Si-Al killed steel is better than semi-
killed steel, if the Mn/C ratics and the rioll‘mg methods are the
same for both types of steel. (Compaie .%teels (1) and {2) with
steel (7), steel (5) with steels (10} and (\‘1 1}, steel (12) with

steel (13).) ‘;

-The notch-toughness level of Si~Al killed steel, normally rolled,

4wt e a—aeo

|
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having a Mn/C ratio of about 4 (s2e steel (7)1, can alsc be ob-
tained with semikilied steel: either by normal rolling of semi-
kilied steel with a Mn/C ratio greater than 8 (ses steel (6)), or
oy controlled reiling of soemikilied steel with a Mn/C ratio of

4.8. (See steel "§.)

-Tre notch-toughnoss level of Si~Al killed steel, normally rolled,
having a Mn/C ratio of about 6, can be surpassed by semikilled
steel, if in the latter case controlled rolling is applied and a
Mn/C ratio higher than 8 is chosen. ‘Compare killed steels (10)

and .11} with semikilled steel {12).)

~-The two preceding statements imply that the manufacturing process
should notv be prescribsd by the customer in order that the steel-
maker can chooge the most cconcmical manufacturing process for
the required level of noteh toughness,

The general supericrity of killed steel cver semikilled steel-is largely di-
minished when cther criteria for notch toughness are considered. This is shown
by Figs 10~--13,

_ Figure 10 shows the 35 ft-1b transition temperatures of the steels concern-
¢d. In t'his figure, steel (11; 'normally rolled, killed steel- is n¢ longer better
ihap steel (5) (semikilicd, normally 'rolled, high Mn, but about equivalent.
Morcover, the difference between stecl - 120 -semikilled, high Mn, controlled-
rolled, and steels {145 and 15" tkilled, normalized, has become smaller.

This trend is further increased when the 30% and 50% fibrous-transition
tzmperatures are corsidered (Figs. 11 and 12).

In Fig. 13 slow notch-bend test) steel (15) is no longer superior fo
sizel 112,

- This shift in the position of killed stecl, in comparison with semikilled
siteel, is probably due to a smaller slope of the Charpy energyv-versus-temperature
lurve iﬁ the case of killed steel, and to the facr that a certain percentage fibrous
corresponds with a higher energy leveal in the case of killed steel.,

It should be ncted that the order of merit bevveen steels (14 and (158 is

e e B SN P T
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reversed when fracture-appearance criteria are considered wnstead of energy
criteria. Low-silicon fully killed steel appears to be better than higher-silicon,
fully killed steel, when fracture appearance is taken as a criterion.

The fact that the order of merit of the various stéels is largely depend- -
=nt on the criterion chosen, emphasizes the necessity o!x’ gaining more knowl-
edge about the correlation between test criteria and senjfice behavior in various
applications. |

The conclusions derived {rom Figs. 9--13 are cc;nfirmed by Fig. 14--16.
These figures were derived from Figs. 9, 11 and 13, ana show a cross section
of the test results for a thickness of 1 in, Transition temperatures for 1-in.
thickness were obtained by interpolaticn. Some test results, obtained from

|
special investigations, have been added. Details of th{‘e steels concerned may

be seen in Table 4. i
|
CROSS ROLLING ‘

The rolling process, from ingot to plate, usually consists of two phases:

ingoi-to-slab and slab-to-plate. In the first phase, the direction of rolling is

S . F R S




65— 85~ o8- v 1°01 92° ¥ PI* puelieyq

5L~ 1 276 g% £8° 1 oz* pueer

o~ I §°g 90" h6* a1 pur{icH

h- k- 19~ z F'g 1z 9L" FI1° PU={oH

9t~ rE- 86~ gL I's L0’ 98" LT 1S M0 INX ‘pueijof
L2~ vE- $9- [§3 6% £1° HLe 91" 18 4By ‘INX ‘puplion

pazyiewtou "pairy 1y-1s
6= 83¢ 5L 12 L6" €1° ogabnQ-1IMa¥20D ‘unibleg ‘o
Suirpol pajronuos 'pei(ly [y-18

LE~ 241 £'9 ]1° B6" S1* 2516nO-1IHSY00D ‘Wnibiag

8 - P1- GE- z Z2'6 gl?” 5L° mE. DUPTICH
62Z- 6'¢ zz" oL” 81" D SSeID SAY ‘RlEP "Y'STn 'R

Burjrar teuwtou ‘panty |y-1g

S¢- SR 1'9 cg* 1" aq2bnp-1Hexoon ‘wnibiag

g of- 2F- #G1 9°g 2101 €1 £0F d - ¥T ‘Pue|loH
Tez- 81~ ir- £21 8'F 13" L1 £0F d - ¥7 ‘PURiIOH ‘D

Surrjol pajjenuos 'palIpiwag

(Ls6 1 00Q Uy 991 TWWOD

9 7 tL £0* g1’ 91" ainponng diys o) uas

£1 pd L'F 0" 06" bl* sajeld paystull ybiy g}

£% pd 8¢ 0° PL mi. puel[cH

¥1- ¥2- 2% 29 66" ar’ Z0F d - YT ‘PuUelIOH

- ol- 62 I*p gL” L1 20F 4 - W7 'pue|iol
9 - k 6°¢ Ly’ L1t 20+ 4 - 4T ‘puclicH *q

Lz- 8L 5271 91’ up Y61y 'miep "yrstn

71~ 9°g 06" 91" 4 SHY #m8u 'miEp *yvtgtn
€ 6°¢ 0L" 81" g Sav¥ PI1° ‘eiep 'y'stnn te

Burtiol 1pwiou ‘paTHiwss
shaxqiy SNoiqT} q1-3 st saiejd oTIRY DU 1S % um e 0%
wu-z¢ %OE jo
1591 "g°'N"S rduwar *sueny  p-fdreyn JogquInyg

Yi--¥1 "O1d NI AILLOTd SILVId TIILS ADIHL (WW 2] "NI-1 40d YLvd

¥ TI19VL

k,

4

e T T




ol o b et

B
ENEREN

m - !H :u.»w Luterm i ad , cortrol vd o0 Ag
5 f,./ .
6 /////NJ/zuuo o, .,._f.&._...”ﬂ_.:.‘an:.;.
i
e h . ,///// o ELSeAluved,
e, T -
TR
b -~ /////// . e numaer of paten
N
\ ///
AR
. -\V\ﬁ: w1 ERETLTA
t § | T
1] N T
tig1s z:\n rane
3 I3 L) 1) r n 1] i n
32 mm ke

Trans.temp

e , ﬁ

Ol-aaﬂ, [NYT N

rotmal railing

L vemioxilted
I

. conIrey #d roiling

4 @_Si Ak Ued, nornat teiling

rormatized

= numier Y plalesy

ag roiled
f
m a5 _Alkelled,
!
_
,

Prate t* chnest 25 mm
nail}

(] fa) r////// ' SLOW NOTCH EEND TEST
N
1 o /////////
® . :-»§ : ! |A
. I i 7 L
§ o
..3_.|||h[.|l.w— - . .s- 1€ ” _" o |Hx.ﬂmql-:.-. -
sl
o N




i

—-21-

paraliel to the vertical axis of the ingot. If the direction of rolling in the second

' 04

hwase is again parallel to the vertical axis of the ingot, the inclusions will be
w_-lr_;ngat"-d to a large extent, whereas the width of the inclusions will almost not

be changed. On the other hand, if the direction of rolling in the second phaseis
parpendicular to the vertical axis of the ingoet (slab rolled cross-wise into plate,
iength of slab becomes width of plate), the inclusions will be elongated in the
first stage of rolling, znd widened in the sacond phase. Their shape will become
more like that of discs or pancakes. The shape of the inclusions largely affects
the results ¢f notch-toughness tests. When the direction of rolling in the second
phase has been parallel to the ingot axis {(elongated inclusions) a large difference
is found between the test results of longitudinal and transverse Charpy tests. The
cnergy=-versus-temperature curve for longitudinal tocst pieces shows much higher
eénergy levels than the curve f{or transverse test-pieccs. There is a large difference
with regard to the meximum energy levsis of the curves too. The difference be-
wween the curves for fracture appesrance as a function of testing tempsrature is

much less spactacular. As a result, the relationships between energy and fracture

o

ppearance are entirely different {or longitudinal and transverse testing.: This
cfiers the interesting possibility to check whether energy or fracture appearance
would correlate better with the results of Robertson- and Pellini-drep-weight test
i‘esults, by doing these tests both parallel and perpendicular to the direction of
rolling. It would also be interesting to do explosion bulge tests in order to check
whether the extreme directionality i the Charpy-cnergy test results is confirmed
or not.

When the direction of rolling in the second phase 1s chesen perpendicular
te the axis of the ingot, the difierence between the test results or longitudinal
and transverse tests can be eliminated. This method of rclling improves the trans-
w<rse test results, whereas the test results 1n the longitudinal direction become
less faveorable.,

Examples of tecst results for both ways of rolling are given in Figs. 17--20.
These results were obtained from 4 plates, rolled from the same cast. Two plate

thicknesses are considered: 1/2 in. and 3/4 in.
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According to the conventional method of testing, i.e., longitudinal
tests, the plates that were rolled lengthwise from the slab would make a better
impression than the plates that were rolled crosswise from the slab. For some
applications, however, we feel that cross rolling icshould be preferred, in order

to obtain equal notch toughness in the two principal directions of the plate.

STRAIN AGING B

It is often supposed that Al-killed steel, in the normalized condition,

either would not be susceptible to strain aging at all, or less susceptible to
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strain aging than semikilled steel. In many instances, this conception leads.

to the tendency to set up requirements for impact energy before and after artifi-

clal aging. In those cases impact tests are required from the steel in the as-

received condition, and after the application of 10% strain follcwed by & heat

treatment that consists of keeping the specimen for half an hour at 250 C. The

results before and after the aging treatment are compared; sometimes it is re-

quired that the impact energy after aging should be at least 60% (for example)

of the energy in the as-received condition.

The results of experiments on the influence of artificial strain aging on
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Charpy V-notch test results are shown in the Figs. 21 4nd 22. Semikilled
steels, controlled-rolled, are comparad with Al-killed steels in the normalized
condition.

The results show that the overall influence of strain aging is of the
same order of magnitude for both types of steel. This would mean that require-
ments on impact energy after sirain aging could be ahandoned and replaced by
requirements on impact energy at a lower temperature in the as-received condi-
tion.

It should be noted, however, that the separate contributicns of strain

and heat treatment to the total effect of artificial aging appear to be a little
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HETEROGENEITY IN PLATES

Heterogeneity in plates may be due to various causes. A typical ex-
ample of heterogereity is shown in Pig. 23, This figure refers to a normalized,
killed steel plate, having a thickness of 40 mm. Slow notch-bend tests, taken
from various locations, did not permit tie drawing of a well defined transition
curve, because a large scatter of test results cccurrzed. This was considered

strange, since in many other cases the slow notch-bend test would give a well
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Slow Notch Bend Test., Serm killed steel, Plate A
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defined transiiion temperature. In a further investigation of this case, the

slew ncich-bend results were divided into three groups. “normally good”.
"ex:ceptionally bhad” and "intcrmediate" (see Fig. 23). It was found that
the test pisces that had shown excapticonally bad resulis had been taken
irem a rather narrew band, located along one of the plate edges, perpen-

dicular to the direction of rolling. In this band, 2 much coarser ferrite

gra:a was found than in the rest of the plate (sse Fig. 23). The pearlite

structure in this band, however, was not much different from that in the

rest of the plate. It was concluded, and this was confirmed by later ex~

reriments, that the normalizing temperature in the hand must have besn

o low. This example shows that the simple specification ¢f normalized,

.,_
A
-
=
=
5]
(o}

stcel docs not guaraniee, in all cases. that sufficient notch tough-

ness is attained. If the whole plate had been normalized at a too-low tem-

the whole plate would have hed wnsufficient notch toughness, and
Jset, fermally. it would have been made according to the specification. There-
fore. a requirement based on tests taken from the finished product will give
a mcre reliable guarantee.

This example also shows the strong discriminating power of the slow
notch-bend test. This is further iliustrated by Figs. 24 and 25. Pigure 24
shows the slow notcn-bend results, cobtained from a gemikilied steel plate,
whish (among other plates) was extensively tested in an international {European)

investigation of the slow notch-bend test. At first sight the results suggested

that the scatter 1n the slow noteh-bend test was so large thaet the determination
ci & transition temperature became unrcliable. [n the further investigation of
this case, the siow notch-bond results were divided into different groups,
namely {see I'ig. 24):

1 "

BB = much to brittle above the transiticon tomperature
B = tom hritiie =hove the fransition temperature

L = britrle at the transition tomperature

t - tough at the transition temperature

T = too tough below the transition temparaiure

TT = much oo ivugh below the transition temperature
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Then, the original locations of the rest spacimens in the plate were
traced down, and it was found that the scatter of results could be attributed
to heteregenetty of the plate. This 1s clearly shown by Tig. 25, which needs
no further explanation.

APPENDIX 1

Infiuence of high Mn and controlled rolling on the position

The different effects of high Mn and controlled roiling on the notch
tcughness criteria of the Charpy V-notch test can also be 1llustrated by means
of the Beyd diagram. In this diagram percentage fibrous is plotted against im-
pact cnergy, for a fixed testing temperature (as a rule 0°C).

Figure 26 shows the test results of 4 semikilled steel plates, 3/4 in.
in thickness. The figure clearlv shows that the position of a steel in this

diagram is moved in somewhat different directions, dependent un whether high

Mn or controlled rolling is used as a means to improve the steel,

APPENDIX II

Influence of micrestructure and chemistry of the plate

on notch toughness.

The cxperience discusscd in the preceding part of this paper concerned
the relationships between manufacturing variables and various notch toughness
criteria, It was realized that the effects of these variables on the mechanical

properties would waork through changes of chemical analysis and microstructure
of the finished product. Attempts have been made, by Mr. H. ] Kouwenhoven,
of our Laboratory, and Mr. P. Booster, of our Statistical Service, to find cor-
relaticns between test results, chemistry and microstru‘cture of the plate. The
governing characteristics of the plate proved to be the following:

Carbon content (% C)

Phosphorus content (% P)
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farrite grain size {ASTM number)

number of inclusions (q)

So far, four fcrmulas have been developed for the calculation of the fol-

four notch-toughness characteristics:

maximum energy level of the Charpy V-notch curve, derived from
longitudinal tests;

maximum energy level of the Charpy V-notch curve, derived from
trangverse tests;

50% fibrous-transition temperature (TT 50), determined from longi-
tudinal Charpy V-notch tests;

32 mm fibrous-transiticn temperature (1T 32), ;determined by trarnis-
verée slow-notch-bend tests;

For the sake df simplicity, only the two last-mentioned formulas will

ussed. Thaesc formulas read as follows:

TT 56 = 72 + 210 (% C) - 23 (% Mn) + 500 (% P) - 10.8 (ASTM No.)
- 0.09 (q)

TT 32 = ©3 4+ 400 (% C) - 14 (% Mn) + 750 (% P) - 16.8 (ASTM No.)
- 0. 28 (q)

The number of inclusicns (q) is determined in a plane parallel to the

fracturz surface, by counting the inclusions longer than 0.02 mm, which are
I cut by an imaginary line, perpendicular to the plate surfaces, having a length

‘ of 100 mm.

The formulas were dorived [rom test results obtained on the following

types of steel:

semikilled steel, in the as-rolled condition, made in the open hearth

or in the LD-converter:

number of plates s 277

plate thickness . 10 - 40 mm
Carbon content ‘ . 0.09 - 0. 22%
Manganese contént Q.40 - 1. 37%
tensile strength .37 - 50 kg/mm2

ci-Al killed steel, in the as-rolled condition, made in the cpen hearth:

rumber of plates ;33
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plate thickness : 100 - 40 mm
Cearbon content :0.08 -0.22%
Meanganese content $ 0,33~ 1,34%
tensile strength 1 30~ 60 kg/mm2

The standard deviation cf the differences between calculated transition
temperatures TT 50 and TT 32 aﬁ'ld transition temperatures, determined from tests,
was found to be 7.5 C and 10.5 ¢ regpectively.

The formulas are valid for both semikilled and killed steels, in the as-
rolled condition (normal rolling and centrolled rolling). This means that TT 50
and TT 32 are the same for killed and semikilled steel, in the as-rolled condi-
tion, provided that grain size, Mn, C, P and the number of inclusions are the
same in both cases.

On the other hand, normalized killed steel was found to have transition
that were significantly lower than thosc calculated from the formulas.
This would mean that normalizing, apart from refining the grain (whlc_h is taken
into account by the formula), must have anothgr beneficial effect, Probably this
is related to the fact that by normalizing most, of the nitrogen, present in the
steel', is combined with aluminum andfprecipitated as alﬁminum—nitride.

Further, the formulas confirm t;,'nat the fwo criteria discussad are affected

in & different way by the varicus characteristics of the plate,
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