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ABSTRACT

A comparison is made of the relative

weldability of nine manganese-titanium steels,

a manganese-vanadium steel and a mild steel. The
direct ductility tests, the nick-bend and T-bend,
classify these steels in approximately the same
order of weldability. The indirect tests show a
greater variation. The low weldabllity rating
obtained for manganese-vanadium steel cannot be
taken as indicative of the performance of this
type of steel. The effect of titanium on the

weldability of a steel cannot be determined from
thaaa tests.



AUTHORIZATION

1. This problem was authorized by Bureau of Ships letters
dated 31 January 1944 and 22 February 1944, QP/W&C-(4) =(2)(692-334)
and Bureau of Ships Project Order BP2R (BuShips Welding Test Nos,
324 and 325).

STATEMENT OF PROBLEM

2. Results of weldability and other tests on four commercial
high tensile steels were reported in NRL, Report No. M-2237 of

- 19 February 1944. The recognized difficulty encountered in
welding high tensile stecls has indicated ths advisability of
further study cf the relative weldability of svailable commercial
high tensils steels. £ ebtudy of the weldabiiity of ten commercial
Navy high tensile stesls and one mild steel iz presented in this
report. A suggsstion for eliminating the under bead cracking in
these and several cther steels by varying the composition of the
weld metal was rencrted in NRL Report N-2277 of 15 April 1944,

NARRATIVE CF ORIGINAL WORK AT THE NAVAT, RESEARCH LABORATORY

Se This report includes all test results which have been
obtained for the steels in this study. No brief is held regarding
the exact relationship to weldability of some of the tests. For
example, it is realized that the method of locating the Charpy
impact specimens is not orthodox; however, these values were
obtained in connection with another study and are included herewith
for information only. T»is report also presents further inform-
ation such as a dilatometric study and observations regarding the
cleanliness and structure of the steels. End quench hardenability
and continuous cool U-bend specimens are alsc included although
these must be considered as indirect methods of measurement of
weldability. These tests have been critically discussed in NRL
Report No. M-2149 of August 1943.

MATERTAIS

4, The chemicel composition and source of supply of the
plates (40,2 pound, 1" gags) studied in this investigation are
given in Table I. A sarmple of mild steel was used for comparison
with the high tensile steels. Six of the plates were of the
manganese-titanium treated type with less than 0.0l per cent
titanium, three plates were of the titanium bearing type with
over 0,02 per cent titanium and one plate was of the manganese-
vanadium type, It would be highly desirable if additional
commercial manganese-vanadium heats were available for further
study of this type of Navy high tensile steel. These undoubtably
will ve investigated as soon as the new production under the

+ present issue of specification 4855 is available.
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PREPARATION OF SPECIMINS

S5e The ma jor direction of rolling of each steel was
determined and samples for chemical analysis were taken. Sectlons
were obtained by means of flame cutting and hack sawing for the
following test specimens:

A, 0,505" diameter tensile (longitudinal and transverse)

B, Double-width Charpy V-notched impact (longitudinal and
transverse) (Plate 1).

C. Inclusion and structure (Plates 2 to 12)

D. Dilatometric study.

E. End-quench hardenability (Plate 13)

P. Nick-bend plate and bead weld (longitudinal and transverse)
(Plate 14).

G. T-bend (Plate 15). '

H. Maximum bead weld hardness (Vickers and Knoop)

I. Grain size (heat affected zone)

J. Continuous cool U-bend (Plate 16).

TEST METHODS AND RESULIT S
(a) Properties of Steels

6. The chemical compositions of the steels used in this
investigation are shown in Table I. The carbon and manganese
contents cover a comparatively narrow renge; the carbon contents
in the high tensile steels vary from 0.l5 to 0.18 per cent, and
manganese from 1,09 to 3.34 per cent. The tensile properties

as determined by tests on 0.505 inch dlameter test pieces
(transverse and longitudinal) appear in Table II. The hardness
of the plate material in these steels ranges from 138 to 154
Brinell (Table II).

T Results of impact tests made at 70°F on transverse ‘and
longitudinal double-width Charpy V-notched impact specimens
taken through the thickness of the plates (Plate 1) appear in
Table III ®

8. Unetched specimens of each steel were examined micro-
scopically at a magnification of 100 diameters, and a count was
made of the total number of inclusions (Table IV)., The pieces
were hardened by quenching from the austenitic state to aid in
the retention of inclusions during polishing. A complete
description of the method used is contained in NRL Report No.
M-2159, Photomicrographs at 75 diameters of typical cross=
sections of the steels are shown in Plates 2 to 12.

9. Transformation temperatures with slow heating (33°F/min.)
and with two rates of cooling (809F and 200°F/min.) were obtalned
dilatometrically for the steels in these tests (Table V).
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10. Standard end-quench hardenability test specimens

(Plate 13) were machined from 13" diameter bars forged from the
original plate., The forgings were double-normalized from 1675°F
before machining into test specimens. The end quench hardenability
bars were quenched in a standard jig after heating at 2100°F for

75 minutes in a controlled atmosphere furnace. Two parallel flat
surfaces were ground along the length of the bar to a depth of
0.10 inch. Rockwell "C" hardness surveys were made along the flats
with the location of the impressions determined by a calibrated
carriege.

1l The grain size of the bars was determined by electro-
lytically polishing the specimens, etching with nital-picral
reagent and photographing two sultable microstructures at a
magnification of 150 diameters. An actual grain count was made
on an area of 5000 sq.mm. on the photograph.

12, The hardness value for 50 per cent martensite was
determined for each steel, and the distance corresponding to this
hardness was obtal ned from the end-quench hardemability curves
(Plates 17 to 19), This distance was converted to "ideal dismeter"
(Table VI) using curves presented by Grossmann and reproduced in
NRL Report M-21483.

(b) Weldability Tests of Steels

13. Pransverse and longitudinal nick-bend specimens (Plate 14)
were welded under NRL standard conditions (175 amperes, 26 volts,
reversed polarity, 6 in./min.) using a 3/16 inch AWS E6010
electrode. These were tested at room temperature two and five
days after welding. Unwelded transverse and longitudinal plate
specimens were also tested. The results of these tests appear in
Table VII. A full description of the nick-bend test is contained
in a le tter report to BuShips, Subject: Nick-Bend Test for Weld-
ability (Tentative) dated 12 July 1944.

14, T-bend specimens were prepared (Plate 15) from all of
the steels for which sufficient material was aveilable. The
plates were positioned so that all welding was done in a
horizontal plane. The fillets were welded manually using 3/16"
AWS E6010 electrodes, reversed polarity, 175 amperes and 26 to

28 volts. Twelve inches of electrode were deposited per four

inch linear length of fillet and a forty-five second interval

" was maintained between the finish of one and the start of the

next electrode. The plates were allowed to cocol to room temper-
ature before the second fillet was welded. Standard specimens were
machined from these weldments and tested at room temperature, one,
three and fourteen days after welding (Table VIII).

15, Sections about 3/8 inch wide were saw cut from the nick-
bend weldments for bead weld fusion zone grain size and hardness
studies. The sections were mounted, metallographically prepared,
and lightly etched with nital-picrai reagent. A survey of the

-3~



grain size at the fusion zone was made by photographing the
structure at 150 dismeters and actually counting the enlarged
grains at three locations to a depth of 0.02 inch below the
fusion line. Photomicrographs at 150 diameters of the heat
affected zones are shown in Plates 20 to 25.

16, Vickers (10 kg. load) and Knoop (500 gme load) hardness
surveys were made of the heat affected zones under the bead
welds, The maximum hardness values using both methods are
reported in Table IX.

s L N Standard U-~bend specimens (Plate 16) were prepared from
each steel. Ths specimens were heated to 2100°F in a controlled
atmosphere furnace and continuously cooled at different rates

in the furnace, air, oil and water. The specimens were notched
after heat treatment and bent to failure in a gulded bend
testing jig with the notched side in tension. The angle of bend
at meximum loed and the average Vickers (10 kg. load) hardness
were obtained for each specimen., From the resulting relation of
ductility and hardness, the ductility corresponding to the actual
maximum. under- bead hardness of each steel was estimated. These
results appear in Table X.

18, The results of the under bead cracking tests on these
steels for welds prepared with Class I, Grade 1 electrodes

(AWS E6010) and low alloy high tensile electrodes have been
reported in NRL Report No. M-2277. It was shown in this report
that the cracking tendency observed in the heat affected zome

of high tensile steels using mild steel Grade 1 electrodes could
be reduced by the use of high tensile electrodes.

DISCUSSION OF RESULTS

(a) Properties: of Steels

19. Tn order to compare the performance of the steels in the
various tests, profile curves of performance Vse. steel numbers
were plotted (Plate 26). In these curves good weldabillty as
evaluated by each test 1s indicated by a high point. The scales
were adjusted so as to indicate approximately equivalent
sensitivity for .all tests. The steels are arrangsd in order of
decreasing weldability as indicated by an average of all results
of the hick-behd bead weld tests.

20, Five of the nine manganese-titanium steels (#391, 392,
394, 395 and 396) meet the requirements of Navy Specification
48S5 regarding yield and tensile strengths; the remaining four
steels %#514, 333, 334 and 393) have low yield strengths. The
sanple of menganese-vanadium steel has satisfactory yield
strength and its tensile strenath of 82,000 psi is the highest
of the steels in this group. The yield and tensile strengths
of the sanple of mild steel are considerably lower than those
of the high tensile stesls as would be expected. The tensile
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and plate hardness profile curves are of the same generai
shape, but have only a general correlation with the nick-
bend or T-bend weldabllity tests.

21, The Charpy impact results indicate that the impact
behavior of the steels is in general related to theilr nick-
bend and T=-bend performance.

22. The number of inclusions seems to have little relation
to the other properties of the steel.

23, The results of the dila tometric studies showed only
slight differences in the transformation temperatures for
these steels. Data for faster cooling rates than could be
obtained with the present equ ipment are needed in order to
predict the behavior of these steels at cooling rates obtailned
in the welding process. _

24, The end-quench hardenability results for this group of
steels as indicated by the ideal critical diameter show only
slight differences except for Mn-V steel #367 which has the
highest hardenability of the steels in this group. The profille
plot of ideal diameter shows only a general similarity to

those of the nick~bend and T-bend tests.

(b) Weldability Tests of Steels

25. The results of the nick-bend test indicate that there

is a considerable variation in the effect of welding on the
ductility of the steels in this series. An examination of the
data shows that ths sample of mild steel suffers the least
reduction in ductility when subjected to the standard welding
technique. The sample of manganese-vanadium steel in this
series has low ductility both.in the plate and as welded.

Other sample s of manganese-vanadium are needed before concluding
that this type of steel has low weld ductility. PFrom the present
data no statement can be made regarding the effect of titanium
on weldability as one of the best steels contained less than
0,01 per cent titanium and the most unsatisfactory sample
contained 0,025 titanium; at the same time the steels with

0.030 and 0,035 per cent titanium were average steels in this
group.

26, For most of the steels studied the relative weldability
as indicated by the T-bend test is in good agreement with that
shown by the nick-bend test.

27. The maximum hardness in the heat affected zone as

measured by the Knoop method bears little relationship to

‘géék-bend performance; the Vickers maximum hardness values were
ly slightly better.
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28. No general correlation can be made between the grain
size in the heat affected zone and other properties.

29, The results of the continuous cool U=bend test are
difficult to interpret due to the fact that it 1s impossible
with ordinary cooling facilities to obtain a range of hardnesses
in uniform steps. The maximum hardness encountered in the heat
affected zone usually falls between the hardness ranges obtained
for the furnace and air cooled and the oll and water quenched
specimens. Until a method of cooling is available which will
give-a hardness close to that sncountered in the heat affected
zone, little reliance can be placed upon the results of this
test.

CONCLUSIONS

30, From & study of the limited number of commercial steels
available for these tests, the following conclusions are
suggested:

1. The results of the direct ductility tests such as the
nick-bend and T-bend tests on these steels show similar
ratings for weldabllity.

2. The results of the indirect tests show a greater scatter,
although the sample of mild steel 1s classified by all
applicable tests as the most weldable in this group.

3, The low rating for the sample of menganese-vanadium steel
in these tests cannot be taken as indicative of other
sample 8 of manganese-vanadium,

4, No statement can be made based upon the present data
regarding the effect of titanium on weldabllity as the
performance of these steels was not related to titanium
content. It is hoped that the experimental manganese=
vanadium and manganese-titanium steels being tested at
this Laboratory will give useful information for a further
analysis of the effects of vanadium and titanium in high
tensile steels.



TABLE I

CHEMICAL

COMPOSITION

Steel ¢

Mn

Si P

S

Cr

Ni Mo Cu v

T

314
333
334
367
391
392
393
394
395
396
420

0.18
0.18
0.1%7
0.16
0.16
0.14
0.16
0.16
0.1l4
0.17
0.23

1.10
1.09
1,10
l.12
1.26
1.10
1.25
1.51
1.27
1.34

0.50 0.0030.010

0.16 0.018 0,020
0.16 0.017 0,022
0.17 0,018 0,024
0.26 0,019 0,027
0.24 0.020 0,020
0.25 0,025 0,019
0.21 0.015 0,024
0.23 0,030 0,025
0.23 0,031 0,025
0.23 0,018 0,025

0.053

0.03
0.04
0.04
0.05
0.04
0.08
0.12
0.20
0.20
0.19
0.05

0.11 0,02 70,33 0003 <0.01

0.12 0.025 0.22 Q.00
O.,1l2 0,018 0.22 0,00
0.08 0,02 0.19 0,09

0.004
0,005

0.06 0,038 0,15<0.,01 <« 0.0l

0.26 Q.
0.13 0.
0.03 0.
0.03 0.
0,10 O.
0.10 O,

025 0,20<0,01 <0.01
0 0,13 0,002 0,005

0,025
0.035
0.030

Steel No.

314
333

334
367

391
392
393
394
395
396
420

Washington
Washington
Washington
Washington
Portsmouth
Portsmouth

Bethlehem Ht.

Source

Navy
Navy
Navy
Navy
Navy
Navy

Yard
Yard
Yard
Yard
Yard
Yard

67D68S

(stock)
(stock)
(stock)
(stock)
(excess stock)
(excess stock)

Carnegie=Illinois (Homestead) Bt #46632
Carnegie-Illinois (Homestead) Ht #34571
Carnegle=Illinois (Homestead) Ht #41630
Naval Research Laboratory (stock)



TABLE II1

MECHANICAL PROPERTIES

Yield Tensile Elongation Reduction Vickers
Steel Strength Strength in 2 inch of Area Brinell (10 kg)
No.  psi psi Per Cont Per Cent Hardness Hardness
314 T 40,000 71,000 32.5 61l.8 140 145
40,750 71,000 33.0 63.2
L 40,500 71,000 35.0 64.2
40,750 71,000 35.0 65.3
333 T 40,000 70,250 3245 59.5 140 140
40,600 71,350 35.0 60.9
L 39,000 69,500 35.0 ' 68.2
39,000 69,500 35.5 61.6
334 T 44,400 72,300, 34.0 59.9 143 148
42,500 71,500 35.0 62.2
L 40,000 71,250 38.9 69.6
40,600 71,100 36.0 64.0
367 57,000 82,000 30,0 - 602 153 178
57,000 82,300 30,0 59.7
L 58,000 82,250 31.0 66.0
56,950 82,000 29.0 65.0 _
391 T 46,000 74,250 32.5 64.5 138 180
45,000 74,250 34.0 56.6
L 45,000 73,500 3565 71.6
43,500 73,000 37.0 71.5
392 45,500 73,750 35.0 6l.4 142 158
44,400 73,600 33.0 64.6
L 44,750 173,875 33.0 72.3
44,500 74,000 35.5 68.2
393 T 40,000 70,500 31.0 50,0 143 351
39,750 70,750 31,0 52.0
IL 40,250 70,750 37.5 68.6
40,000 170,500 37.0 71.5
394 T 54,625 77,750 32.5 59.8 146 170
55,375 78,250 32.0 58,9
L 50,600 77,500 33.0 66.3
53,000 78,750 33,0 6443
395 53,500 77,750 32.0 64.3 146 166
52,750 79,250 32.0 65.3
52,500 77,250 32.5 69.3
52,750 77,250 32.0 662
396 54,625 79,500 29.0 47,5 154 167
55,375 79,500 26.0 51.5 E
L 50,600 79,250 33.0 68,2
53,000 79,000 32.5 68.5
420 L 33,000 66,000 39.0 56.2 127 139
32,500 65,500 36.0 6863



TARLE III DOUBLE-WIDTH CHARPY V-NOTCHED IMPACT DATA

Impact Average Impact

Stesl Resistance Resistance

No. £, dbi ftalbs

314 T 57 . 52
T 48

S35 L 65 73
L 82
il 58 6l
T 64

334 L 79 8z
L 86
ik 35 38
T 41

367 L 46 48
L 51
T 34 36
m 38

391 L 109 100
L 94
T 81 74
P 68

392 L 163 _ 146
L 130
T 80 T
T 75

393 L 69 69
L 69
T 45 45
T 45

394 L 43 ; 51,
L 60
T 43 41
T 39

395 L 28 34
T 40
T 39 36
1P 33 ] '

396 L 68 70
L T
T 30 32
T 34

Temperature of testa 7O°F
# LeLongitudinal. T«Transverse



TABLE IV INCLUSION COUNT

Steel Inc%ggigns
No, per.sge.in.
314 43,200
333 29,100
334 22,700
367 32,600
391 10,500
392 24,700
393 26,300
394 31,100
395 23,900
396 40,700

420 28,200



TABLE V TRANSFORMATION TEMPERATURE RESULTS
1 231 1 Sp Dr
Steel Furnace Heat ow Coo urnace Drop
No. Acy A°5 Arl Ars Arl Ars
Op Op °p op ‘°F op
314 1328 1546 1116 1349 . 1033 1308
333 1349 15486 1115 1348 1074 1328
334 1349 1591 1137 1393 1094 - 1349
367 1349 1569 1137 1414 1116 1371
391 1328 1569 1116 13731 1074 -1349
392 1328 1546 11186 1371 1074 1349
393 1328 1546 1116 1371 1053 1328
394 1349 1546 1137 1349 1053 1308
395 1328 1546 1116 1349 1094 1308
396 1349 1546 1137 1371 1094 1349
420 1328 1200 1414 1159 i Bt

1546

1. Heating Rate Between 1100°F and 1800°F = 33°F/min.

2. Slow Cooling Rate Between 1700°F and 800°F - 80°F/min.
3. Fast Cooling Rate Between 1700°F and 800°F - 200°F/min.



TABLE VI END QUENCH HARDENABILITY RESULTS

Dy

Hardness at Jominy (Corrected

Steel 50 Per Cent Distance D Grain to Grain

No. Martensite Inches 1 Ssize Size 2.0)
fe inches inches
314 31l.2 «200 1,68 3.1 1.82
333 31.2 210 1.74 b 1.93
334 30.6 «215 1,77 3.8 2,04
367 30.2 1 =315 2.46 3.4 2.75
391 30.2 «150 l.42 3.9 1.63
392 29.3 205 170 3.4 1.90
393 30.2 « 225 1.80 2.6 1.90
394 30.2 +«195 1.65 o e 1.91
395 29.3 +200 1.68 345 1.88
396 30.6 220 1.77 3.5 1.99

420 33.2 »148 1.45 3.3 1.60



# Average of two specimens

L = Longitudinal

T -« Transverse

TABLE VII  NICK BEND TEST RESULTS
Weld
Plate Two Days Five Days
Angle at Angle at Angle at
Steel Maximum Maximum Maximum Maximum Maximum Maximum
No. Load Loads# Load Load Load Load#
degrees pounds degrees pounds degrees pounds
314 L. 74 .78 14,350 258 26 13,250 29 30 13,700
T 60 66 14,650 33 253 13,875 == = ee--a-
333 L 70 74 15,325 18 20 13,070 50 47 15,750
T 65 61 15,050 38 36 14,100 31 40 14,600
334 L 73 70 15,300 24F% 27% 14,450 41 39 16,100
T 41 47 15,475 16 1l4% 12,400 31 31 14,500
367 L 45 49 17,400 17 20 14,950 35 33 17,850
T 55 42 ‘17,950 18 "15¢ 15,2685 .32 30 (17,850
391 L 77 70 15,400 28 3L 13,875 43 44 15,550
T 7 67 15,5650 37 49 16,450 45 36 15,675
392 L 71 69 16,650 47 37 16,250 47 49 16,650
| T 49 61 16,850 26 28 14,000 41 44 16,500
393 L 19 19 12,300 42 42 15,800
T 65 52 15,400 13 13 11,050 36 35 15,150
394 L 65 . 67 21,200 19 15 16,800 28 31 19,750
T 44 41 20,800 13 11 15,800 9 26 19,100
395 L 67 67 16,300 28 -- 14,950 47 -~ 16,750
T 65 60 16,375 22 24 14,400 38 46 17,050
396 L 68 54 17,050 29 30 16,650 54 50 17,650
T 35 33 15,600 311 11 12,350 33 39 16,550
450 L 73 74 13,560 48 51 13,300 54 54 14,000
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