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ABSTRACT

e —

Results are reported for hardness surveys on sections from single
bead welds carried out on a large number of differing compositions of
stesl. A rational basis for evaluating the quench sensitivity (harden-
ability) of various grades of steel is indicated in the results obtained.

It is found that conditions existing in the high-temperaturs zone ad-
jmcent to a single bead fusion weld can be approximately duplicated by a
special method of heating and quenching small specimens of the base metal.
The maximum size of sample that can be used for reproducing ths high tempera-
ture zoné by the special hsat treating methods is shown 1o be large sanough
ts constitute a test bar for impact and cold bend tests.



AUTHORIZATION
1. This investigation was autherized by the fellowing refsrence:

Reference (a)- Bng.let.JJ46-1/L5(4-2-Ds) of 4 april 1935.

2. A first partial report {NRL Rsport w-1258) has previocusly
(1 april 1936) been submittod in which the problem has beer stated in de-
tail and pregress of the work discussed.

STATE.2NT CF FRUBLoM

3. Tne problem concerns an investigation of the phys:cal and
mechanical properties of the transition or heat-disturbed zone of parsnt
al is de-

watal next tc the weld bead. The weldability of the parent wetal 1
fined for the probiem as the quench gensitivity {nardenability) and grain
growth susceptibility as they affect the mechanical proparties.

INCHN FaCIS BEARING ON TH: PROBLEL

4. from the research reported in AL Repert B-1258, it was
that heat treatment at 14009C. of samples of parent metal to reproduc
i sit] zone grain size vould requirs special methcde of conducting
heat 1o the sample and samples of small mass.

[
[&]
3

B The raport indicated that a nigher rate of heating of the
samples 10 1400°C. would probably result from & more rapid conductl
reat and would be obtained by heating the samples in a small drille
in a bleock of stesl maintained atl 14009C. Another factor which was in doubt
+as the maximum cross section for a definite mass which could be heatad
uniformly through the section to 1400°C. for a time interval of 3
short duration to pravent sxcessive grain growth teyond tnat
grain in the transition zone. The ultipate aim was to choose
section that the mass would constitute a largs snough sample 1o
impact and cold bend and at the same :ime would dupl i
the trensition zone.

METHU Do wND LATERIALS

6. The seriss of steels for which approximate analyses Wers
in Report L-1258 have besn analyzed at the laboralory and are given Dbe
The analyses given below indicate that the series are not ideal in tha
the various chemical contents are not entirely ! i
elements is varied. The micro-structures of the materials in the a5 re-
ceived condition are included below. For item 29 the coarse grain structurse
at the outer edges of the plate and the finer grain at the center are snown .
For items 33 and 34 a magnification of 250X was required. Item 37 appears
to be a duplicate of itsm 33 and will bs re-identified as an additicnal bar
of this item. It will bse noted that items 4, 35, and 36 have not yet been
included in welding tests due to material not having been received in time.




# Indicetes analysis is approximate
and has not been completed.

CHEMICAL ANALYSES

Itenm ¢ Mn) Si Ni Cu Mo v Cr Grade of Steel hAg Received Ce¢nditiom
17 &) 017 (Plain carbon -~ Hot rolled.
2 .25 .43 +30 (Killed heat.
4 .44 65 .24 (
5 o2l .38 .003 (Plain carbon -- Hot rolled. A
6 29 47 .0002=-.002 (Rimmed heat. t
9 .24 48 .23 (manganese Hot rolled.
10 =27 .74 2ok (series.
11 29 1.06 25
13 +26 .46 .005 (5ilicon Hot rolled.
14 28 «54 058 (Series.
15 25 43 230
17 +22 +52 20 19 (Molybdenum Hot rolled.
18 .22 47 .18 50 (Series.
19 « 20 50 <17 « 79 i
20 o2 46 0001 (Boiler Hot rolled.
21 09 «43 +19 ““mﬁcawuw.
NN owm ”—..#O ..NH ..HN _t- VwHQGH- mmC&( W-O.Hﬂ.nwau
23 «15 44 .20 +75 «17 Cu Mo Stesl. Hot rglled.
24 +08 56 L | 3.57 Hickel Steel. Hot rolled.
Nﬂ -D@ -wm nOON H-OW a@-v n\.lH.CHG.hq .,..m..u."m..w. ot a.ﬂ._w.m:.\wt
28 21 .70 27 1.97 1.08 (
29 -028 .19 2.08 Mickel iren. Hot rolled.



CHEMICAL ANALYSES (cont'd)

iten ¢ Mn 84 Ni Cu Mo Cr Grade of Steel As Received Condition?
30 .09 <72 047 «96 1l.34 «11 ﬁmh_m Steal. Normalized.
31 .24 .74 012 .76 1.48 .16 (
32 »12 «75 48 034 Cromansil Hot rollede.
33 .11 .19 51 5.85 (Low Cr=Mo hnnealed s
34 065 .22 +55 Cb «51 5066 (Steels
35 .27 «69 +20 231 Nickel Steel. Hot rollede
36 o217 69 .21 2 o5% 1-7/8" Nickel Hot rolled.
Steel.
37 .28 .68 +20 2.5% Nickel Steel. Hot rolled.

-3-



74 A 100

und lot of Airco #78 heavy coated 3/16" welding
purchased for cond

ting welding tests on the steels shown abova.

poun rod was
uc

a

coe

The Vickers-iyps hardness testing machine for making hardnesss

surveya of the transition zone has been raceived at the Laboratory and all
hardness tests reported in this and subssquent reports will be given in
torms of the hardness obtained with the new machine.

9. The semi-automat:

1¢ welding machine described in report M-1253
was employed for performing ths singls bsad welds reported herse.
waLDING TESTS
10. The items of stesl given above wers cut to form plates appreoxi-
mately 6" x 3" x 1/2" thick and wars welded at a spesed of 6 inches a minute
uging 180-19C ampsres at 25-27 volts. A half inch section was cut from

sach plats transverse

to the bead at a distance of 1/2" beyond the middle

of the plets toward ths c¢rater where the weld was completed.
were clamped to the table on one side of the weld only, in
rastraint during the heat cycle of the welding opsration.

The plates
ordar t¢ prevent

i1.

1/2" sections taken from each plate ware prepared as for
micro- examanatLOﬂ by poli 1.1nq, then etching with a 1L or Sﬂ Nital sclution
B9 '*;dl?”” The hardneas Jﬁy was then made by indsntation with a 10
x:logrem ioad at a dzstan:a cf 05" below the *op of the plate and at in-
tervals of .0Z" in the tr&nait:cn zone. Outside of the transition zone in-
ients were made at intervals of .05". The first indant the transition
zone was made immediately adjacent to the weld bead and could bas exactly

iaced by preparing the machine beforshand. The choice of the conditions
progressive sur?u; of nardness across the weld itransition zone was
eriss of testc had besn made with 5 and 10 Kg loads at in-
and .005" apart in ths transition zone and at intsrvals of
face of the welded plate. It was found that
ults »btainad when the indents were made with the 1C
oa £ .0Z" in the transition zone und .C4" to .05"
dewn from the facs wolded plats. In famct, for steels of considerable
hardenability the sould have bmen sasily read if spaced at LOL"
g tag

- . E 1 - P
intervalas in the ts, both diamsters of

wera read and averaged.

2 TE31o

1. A large tlock of stesl was obtained by cutting a saction from
an 8" shaft and was proy th a 3 : ] hole 1n which the samples
wera pla d for hﬁa*iﬁ? Gy An nola ;rg?lﬂuﬂ a. moeans of
ietermining the block tar ture with tharmocouple. Another
thermocouple waa placsd graphite-ragistance furnace itsslf in corder
to ubserve tha tempara gpradient on heating up and to determine when
agquirlibriun conditions agtablisned belwean the {urnace and the

f;‘:;‘\'c



13 For the guench tests only two steels, items #1 and #2, were
used. This was in order to determine standard conditions for mass and
thickness of the samples, and time at temperature to duplicate maximum grain
size next to the weld bead and maximum hardness. For this purpose rods of
these two items were prepared in sizes of 1/2" and 1/4" round. The rods
were then cut imto a series of samples 1/2", 3/4" and 3" long for each of
the two different diameters and for each of the items. Each sample was pro-
vided with & drilled and tapped hole less than 1/8" deep into which was
threadsd a 1/8" steel rod thus providing a means for introducing the samples
into, and removing them from the furnace. The time for which the samples
remained in the furnace at 1400°C varied from 13 seconds to 1-1/2 minutes
for the 1/2" and 3/4" long samples and for the 3" long samples from 45
geconds to 2 minutes.

14. The affect of preheating the samples to 600°C on the rate of
heating st 1400°C was also determined for a few of the samplos. For this test
a furnace, just in front of the furnace at 1400°C, was maintained at 600°C
where the samples were heated tc preheating temporature and guickly trans-
forred to the furnace at 1400°C.

DATA CBTaINaD

15. Table 1 gives the summary of results obtained in the hardness
survey of the weld sections cut from the 6" x 3" plates. The results are
also shown in Plates 6 and 7 where the reproducibility of welding conditions
{s indicated in curves for items 10 and 23 which wsre welded in duplicate.
The maximum hardness is indicated in each curve by the vertical line and the
parent metal hardness by the horizontal line (numerical values given above
and below the horizontal line in sach curve).

16, Grain size data have been obtained for welds of items 1l and 2
(shown in tabls 2) for the largest grains observed for one cross section
of the wold immediately adjacent to the wold bead. The method of obtaining
this data consisted of tracing the largest grains at 100 X magnification on
transparent paper and measuring the area of each grain with a planimeter.
Grain size determinations are in progress for the other welds and will be
roported when available.

17. Grein size of soms of the weld quench samples has been deter-
mined and is reported in Table No. 2, together with the hardness of the
samples. For the quenched samples of item #1 it was difficult, and in many
cases impossible, to determine grain boundaries. Thersfore, only those
samples of item #1 are reported in Table 2 which could be given with
reasonable assurance of accuracy. The microstructure of item 2 shows &
considorable contrast betwsen tho sorbite grains and ferrite envelopes,
thereby giving greater assurancs of an accurate grain count.

18. It should be noted that in Table 2 under item #2, samples
#222, 226 and 243 held at temperature for 45 sec., 30 sec., and 30 sec-.,
respectively showed considerable grain size gradient from conter to outside
of the cross section. It was furthermore noted that these samples when

LB



removed from the furnace were slightly below the color of the furnace,
thus indicating that they had not quite reached 1400°C. The smaller grain
size of the micrographs also indicates this conclusion.

19. All grain size counts reported are the averages of a number of
counts taken on different fislds of the samples. The grain size was not
uniformly the same in any of the samplos but a nearer approach to uni-
formity was noted for the samples preheated to 600°C and the 1/4" round,

3" long samples held for 1-1/2 minutes at 1400°C.

CONCLUSIONS AND RECOLMENDATIONS

¢ts Established

20. Grain Sizs Data - The grain size of the largest grains next to
the bead of a single bead weld of items #l and ;2 has been determined and
found to have considerable variation. Tho results for items #1 and #2 wolds
show practically identical grain size when expressed in terms of maximum
grain and average grain size (in Table 2) although there is not an exact
identity irn the range 'of grains.

(a)

""J

21, Since the grain sizes of welds of items #1 and #2 are practically
ams we should sexpsct the guenched samples of itoms #1 and #2 to show

grain size for the same heat troatment. A comparison of data for
| samples given in Table #2 indicates that there is a fairly close
ce but with e tendency of item #1 toward a slightly larger grain
ze. This latter obsservation may, however, have been due to the less
' in boundariss of item #1 than sxisted for item 2.

D . From Table 2 it is also shown that for item +2 quenched from
140¢°C 227, 244 and 251 reach an average grain size which is
vetween the saximum for the weld and the average. However, ths maximur grain
gime an 1 samples is greater than for the weld as can te seen from the

L3 A rough approximatiocn of the heating rete of the weld gquench
s heated to 1400°C was obtained by sighting intc 1t of the atesl
on romoving the samplas from the furnace and L] forencs in
the tolor of the sample and the block. Table 3 is O approxi-
-1

(o]
Ui

he heating rale.

mate obssrvetions which indicate the effact of ma §
} appear to heat to tempsrature in equal time. tHowever, an indica-
difference the larger crcss section (1/2" compared with 1/4"
3 on the gruin size for ths sams mass 1s given in a comparison
samplos 2-8 (1/2" rd x 3/4" long, mass ® .15 cu.? } and Flate
0 51, the center of the larger croas socciion is nere to havo
peen at temperature for such a short time that as rapid grain growth was not
possitle as for the 1/4" section. In addition, as already menticned, the
grain size variss considerabiy from center to outside in the 1/2" section
end is fairly uniform for the 1/4" section.
24 . Wald Hardness Survey - It has been established Uy means of
nrograssive hardness surveys of the weld suctions that the quench sensitivily



of a number of differsnt steels may be reliably determined by subjecting
them to reproducible welding conditions and progressively exploring the
cross section with a hardness testing machine such as was used for tests re-
ported here and plotted in curves of Plates 6 and 7. The curves may be ro-
garded as indicating the effect that an increase in cross section would

have across a welded joint since the curves indicats increasing hardness

and therefore increasing tensile strength. It must, however, be noted that
the wold bead itsel? has not been surveyed for hardness and may for certain
grades be above or below the maximum for the iransition zcne, although for
actual welds the rod would be chosen to give slightly higher properties

than for the parent metal. Attention is directed tc the shape of the curves
with the suggestion that it may be imporiant not only to note the maximum
hardness but also to consider whether the hardness rises gradually from the
parent metal (fillet type-gradient) as for the curves in general, whether

it sinks first then rises gradually (round notch-gredient) as for the curves
for items 30, 31 (normalized) and item 24 or whether we have a sharp rise
(sharp notch-gradient) as for items 33 and 34.

25, The hardnoss of the 1/4" round weld quench samples, cooled in
air, is shown to nearly approach the maximum hardness in the transition zone.
A moderately faster air cooling by means of a fan or air blast will probably
duplicate the zone hardness although with the thinner samples (.197") which
will be used for future tests (see paragraph 26 below), it may not be neces-
sary to go to higher velocity air cooling.

26, A review of Table 3 together with Table 2 and micrographs of
the weld gquench samples lsads to the conclusion that the half size Charpy
impact specimen is as close as possible to an ideal sample for reproducing
transition zone metal. The dimensions for the sampls 10 mm (o394") x 5 mm
(.197") x 50.8 mm (2.00") show a thinner cross section than for the 1/4"
round samples reported here and we should therefore expect to obtain a higher
nardness for the same quench and greater uniformity of microstructure across
tho section. Table 3 indicates the mass of the half sizo Charpy to be
practically the same as the 1/4" rd x 3" long samples and should require
the same time to heat to 1400°C. The half size Izod shown in Table 3, while
of higher mass than the half size Charpy, will neverthelsss be investigated
a3 to ability to reproduce transition zons metal.

27. A review of Table 3 together with micrographs of the 1/2" round
and 1/4" round weld quench samples indicates that standard size 10 mm. square
Charpy and lzod samples cannot be used for reproducing the high temperature
portion of the transition zone because of the longer time required to heat
the larger mass to 1400°C and the non-uniformity of grain size and other
properties in the larger cross section.

28. The data for the samples preheated to 600°C before heat treating
at 1400°C represent an ancmalous condition which will not be commented on
at the present time. The average grain size is shown to be smaller than
identical samples without prsheat. These results will be rechecked in the
next run of weld quench samples but the important conclusion is that it is
possible to reproduce high-temperature transition zone metal without pre~
heating tho samplo.

-?—



29. A survey of the results of the progressive hardness tesis on
the single bead welds provide considerable information as indicated in the
curves and charts. The maximum hardness produced in the transition zone as
a function of carbon or alloy content is of most interest but the effect is
masked to some extent by the lack of a series of steels with exactly the same
content of carbon or alloy while the other slements are varied. The effect of
carbon, however, is unmistakable in increasing the hardness as shown by com-~
parison of items 1 and 2, 5 and 6, 27 and 28, 30 and 31 shown in curve 8,
Plate 9, where little difference in the pairs exists except for the carbon.

30. Grain size data for all of the items welded has not yet been
completed nor have the impact tests been made to determine the mechanical
properties of the overheated metal. It is therefore impossible at this stage
to correlate quench sensitivity with toughness or weldability. Preliminary
to assembly of the complete data the chart of Plate 10 grades the steels as
to percentage increase in hardness compared with absolute increase and
original hardness. A better basis for comparison than original hardness
would probably bs the yield and tensile strengths and their ratio but the
problem already involves so much detail as to preclude the determination of
these values for the materials.

SUMRARY AND DISCUSSION

31. Weld quench tests indicate an ideal mass and cross section for
the 5 mm x 10 mm half size Charpy impact specimen. Samples of practically tho
same mass and thicker section heated for 1-1/2 minutes at 1400°C reach an
average grain size which is within the limits of the largest and the average
for the large grains next to a single bead weld of the same parent metal.
Samples of this size may be used for determining the impact value of the over-
heated metal and it may alsc bs posaible to make tests for cold-bend ductility
on the same sizs sample.

32. Progressive hardness surveys across the single bead weld section
indicate a method of rating the quench sensitivity of a series of sgtesls. 1In
the absence of maximum grain-size data for all the weld transition zones and
the lack of impact and cold bend test results it is considered to be un-
reliable to use quench sensitivity alone as a criterion of weldability. A
consideration and discussion of the effect of carbon and alloy on weldability
is therefore to be held in abeyance pending the assembly of the complete data.

33. Curve 5 of Plate 8 gives the maximum hardness found in the
transition zone in decreasing order for the items welded. The single cross-
hatched portion indicates the absolute increass in hardness while the doubdle
cross~hatched section indicates the parent metal hardness. This is shown
again in curve 6 where the items are arranged in order of decroasing parent
metal hardness and the maximum hardness is shown to be scattered throughout
the range. Curve 7 arranges the actual increase in hardness in decreasing
order for the items investigated. Curve 8 is arranged in the order of in-
creasing carbon and alloy contsnts and gives a comparison of the maximum
nardness obtained for the items. Below the zero line of curve 8 the absolute
increase in hardness is given in order that the relationship between this
valus and maximum hardnsss may be compared. The curves ¢f Plalte 10 are of

e.}|
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most practical value if we consider the curve C for parent metal hardness

to indicate the relationship that we can expect to exist for the tansile
strengths of the originel plate material. There is 2 fairly close corres-
pendence between ultimate sirength and hardness which justifies this compari-
son. On the basis of this corrsspondence some conclusions can be made to
summarize the results.

(a) Item 30 appears to have a desirebly high tensile strength for
the normalized plate while the hardness increasse is among the
lowest for the serics.

(b} TItem 27 is next in line in posseesing the two desirable propertics
of low quench sensitivity and high parent metal strength.
{c) Both 30 and 27 have low carbon contents and depend on the alloy

content .or strengthening the ferrite rathsr than the precipitation
of iron carbide, as is the case for the plain carbon stesls. Carbon
is therefore indicated as a potent hardener of the transition zone
and must be kept low in order to decrease the guench sensitivity

in welding.

(d) The effect of manganess in increasing the hardness is shown in
curve 8 of Plato 9 and in Plate 10 for items 9, 10, 1l and also
for item 22.

{e) oilicon in the range of O - .204 appears tc be insffective with
respect to hardening. Zven when present 1o the axtent of .48% as
in item 32 a low hardenability is cbtained.

(f) Molybdenum added tc a plain, medium carbon stesl incrsases the
original tensile strength when prosent to the oxtent of .SOﬁ and
+80» but transition zone hardenability does not increase consistentl;
with increasing ¥o. This can be seen in curves of Flate 10 and
curve 8 of Plate 9 for items 17, 18 and 19 where item 15 with
higher ko than item 17 appsars to huve a lowsr hardsnability. On
the other hand items 23 and 30 with lower Mo contents than item 17
appear to have lower hardenability although in the case of items
23 and 3C strict comporisons cammot be made due to the other
alloy contents and the low carbon contsnts.

(g) Nickel alone is not responsible for hardening of the transition
zone as shown by item 29 with low carbon of 0.034. The nigh
hardenability of item 24 should be regarded as dus ito tne high
carbon-nickel combination. Another example of ithe ineffectivensas
of nickel aleone in promoting hardenability is cited for item 27 in
which the Ni is practically the sams as for item 29 and shows
practically equal hardenability.

(h} Considering the steels of high hardenability as a group of items
33, 24, 34, 28, 31, we note that these grades are not usually con-
sidered weldable unless ths work is preheated and receives stiress
relief or annealing troatment after welding. We would therafors
not encounter in practice the high mexima for the transition zone as

. .



indicated for the single bead welds. OSuch a hardness survey as
here reported would, however, classify those steels for which
special wvelding mothods would be required.

The increase in hardenability with carbon content of the plain
carbon steels has boon carriod only up to .25 = .274 carbon due
to the higher carbon compositions not being available at the
time of the welding tests. The item 4 steel of approximately
+454 carbon now available will be run through the welding tests
and results reported and plain carbeon stesel with carbon of
arcund »354~ will soon be received in response to a requisition
for the matorial.



TABLE

SUMBARY OF HARDNESS TESTS ON WZlDS

Hardness Testing Conditions

Vickers type hardness testing
machins, 10 Kilogram load.

Welding conditions Indents .05" from top of

sirco 78, 3/16" heavy coated plate (welded face) 02"

rod, 180-190 amperes, 25-27 volts, apart in transition zons

speed of 6" /minute. and .05" apart outsids.

Transition Zons Hardness Increase

Item Vax. Min. Parent Mstal HV1O units Porcent
1 193 153 135 58 42
2 221 156 148 73 49
5 203 153 143 60 42
6 2413 166 150 23 62
9 224 160 143 31 s7
10 287 187 172 115 67
11 312 197 181 131 72
13 230 164 150 80 53
14 237 185 157 80 51
5 227 160 151 76 3
17 230 179 153 77 50
i8 254 197 177 77 24
19 287 230 186 101 54
20 218 160 143 75 53
21 243 150 148 95 £4
22 312 218 137 115 58
23 237 179 16C 77 48
24 303 230 212 291 137
27 195 163 155 40 26
28 405 215 2086 159 37
29 170 142 126 44 35
30 254 195 200 54 27
31 397 212 218 179 82
3 221 168 152 69 45
33 437 160 152 285 188

34 383 218 171 212 124



Welded SEEElea
Item 1
Area (in square

weld cross section:
048, -42’ AV- = 063

Maximun: grain size =
Average grain size =

Item 2

Area (in square

TABLE

GRAIN SIZE DETERMINATIONS

inches at 100 X) of 12 large grains found in item 1
1.07, .89, .73, .68, .66, .58; .55, .55, «52, «50,

.93 grains/sq.in at

100 X.

1.56 grains/sq.in. at 100 X.

inches &t 100 X) of

13 large grains found in item 2

weld cross section: 1.07, .89, .88, .82, .74, .87, .65, .64, .53, +58, .57,
.43, .37, Av. = .58
Maximum grain size = .93 grain/aq.in. at 100 X.
Average grain size = 1.47 grains/sq.in. at 100 X.
Quenched Samples
Time at Grain
Sample Tempera- Sizo _ Hardness  Micro=~
No. Size turs (grains/in“ HV10 graph
(1400°C) ot 100X) o
Item ]
123 1/4" rd x 3/4" 1 min. .95 L74 Plate 3
Y27 1/4" rd x 1/2° 45 sec. 1.0 177 Flate 3
144 1/4" rd x 1/2" (600°C prehsat) 45 sec. 1.2% 179 Flate 3
158 /4" pd x B 1-1/2 min. .96 167 Flate 5
Item 2
222 1/4" rd x 3/4" 45 sec. 1.55 181 None
223 1/4" rd x 3/3" 1 min. Le12 195 Plute 4
226 1/4" rd x 1/2" 30 sec. 2.2 183 rlate 4
227 1/4" rd x 172" 45 sec. 1.02 195 Plate 4
243 1/4" rd x 1/2" (600°C preheat) 30 sec. 2.43 179 Plate 4
244 1/4" rd x 1/2" (6C0°C preheat) 45 sec. 1.14 183 Plate 4
251 1/4" rd x 3" 1-1/2 min. 1.01 185 Flate 5
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CURVE 7'—HARDNESS DIFFERENTIAL BETWEEN PARENT METAL AND
MAXIMUM HARONESS FOR TRANSITION ZONE.
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