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ABSTRACT 

I n  a survey of the  various methods of measuring weldabili ty 
by determining the  d u c t i l i t y  of the  heat affected zone, no d i rec t  
qethod w a s  found which was applicable t o  the  study of the  .weldability 
of s t e e l s  i n  a l l  thicknesses. The bead-weld'nick-bdnd t e s t  i s  a welda- 
b i l i t y  t e s t  designed t o  measure the  effect  of a welding technique upon - 

the  d u c t i l i t y  of t h e  heat affected zone of a steel.  A t e s t  procedure 
i s  presented together with a discussion of variables affecting the 
bead-weld nick-bend t e s t .  The t e s t  procedure gives reproducible re- 
s u l t s  and requires a t e s t  specimen which can be eas i ly  prepared using 
only a hack saw. -Tests can be made under conditions closely simulat- 
ing those encountered i n  practice with regard t o  s t e e l  composition, 
thickness of plate ,  brand of electrode and welding techniques actual ly  
used. 



ef for t  t o  improve the  accuracy of the  t e s t ,  hardness measurements 
using the  Vickers method with 10 kg. load have replaced, f o r  the most 
part , . those obtained with the Rockwell C-scale. Within t h e  past few 
years, the  Knoop method of micro-hardness has found (2) (3) favor among 
some investigators f o r  determining the  maximum hardness i n  the  heat 
affected zone. The maximum hardness method i s  qui te  f lex ib le  as  it i s  
possible t o  vary welding techniques and thickness of material  over a 
wide range, although its success w i l l  depend en t i r e ly  upon the  indi- 
rect  relationship of maximum hardness and duct i l i ty .  

(B) T-Bend Test 

7 . The well  known Navy T-bend t e s t  f o r  determining weldability 
has been described by Ellinger, Bissell ,  and Viilliams (4). Specimens 
fo r  t h i s  t e s t  a re  prepared from 1/41t, 1/2" or  3/41' plates.  T-bend 
specimens a re  cut from a welded assembly; each specimen is  a T-strip 
measuring 1-1/41! i n  width taken perpendicular t o  the f i l l e t s  of the  T- 
section, A special  j i g  is used f o r  bending the  specimens. The angle 
t o  which the  base of the  T i s  bent a t  maximum load i s  s ignif icant  and 
i s  recorded together with data as  t o  the  load and type of f racture a t  
fa i lure .  The T-bend t e s t  is a d i rec t  t e s t  which summarizes the  qual i ty  
of the  s t e e l  as  wel l  as i t s  weldability, 

( C )  Slow-Bend ( V-~otched) 

8. Considerable data  have been presented by the  Naval Research 
Laboratory using t h i s  t e s t  (2) (5) (6). A l l  of the published data, how- 
ever, have referred t o  t e s t s  on 1/2 inch plate. Single bead-welds are 
deposited transverse t o  the  direction of ro l l ing  on p la tes  6 inches by 
7 inches by 1/2 inch. S t r ips  1-1/2 inches wide a re  cut transverSe t o  
the direct ion of the  bead-weld. Only suff ic ient  metal i s  removed from 
the t o p  surface t o  eliminate i r regular i t ies .  Material i s  then removed 
from the lower surface t o  obtain a specimen 1.5 inches wide by 0.375 
inch th ick  with the top and bottom surfaces finished by grinding, 
The specimens a r e  etched i n  a 5 per cent n i t a l  solution and the V- 
notch is  located so t h a t  the apex of the  notch i s  machined tangent t o  
the fusion line. The specimen i s  bent t o  f a i lu re  i n  a qual i f icat ion 
t e s t  j i g  and t h e  angle a t  maxjmum load f o r  each specimen i s  recorded. 
For comparison an ident ica l  specimen from the  unaffected p la te  material  
is  a lso  made. The large amount of careful  machining required has been 
a legitimate objection t o  t h i s  t e s t  f o r  any investigation other than 
a research program. 

(D) Ehd-Quench Hardenability Test (~ominyl  

9. It has been suggested by Kinzel (7) t h a t  each combination of 
welding conditions corresponds t o  a posit ion on the end-quench hardena- 
b i l i t y  bar, A very comprehensive investigation following t h i s  l i n e  of 
reasoning has been presented by Doan, Stout and Frye (8). Standard 
end-quench hardenability t e s t  specimens are  heated t o  2100°~ t o  pro- 
duce an enlarged austeni t ic  grain s i ze  similar t o  t h a t  i n  the  heat 
affected zone of a bead-weld, The bars are quenched i n  the  standard 
manner and the  hardness measured along the  bar using the Vickers hard- 
ness method. 
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8. Considerable data  have been presented by the  Naval Research 
Laboratory using t h i s  t e s t  (2) (5) (6). A l l  of the  published data, how- 
ever, have referred t o  t e s t s  on 1/2 inch plate.  Single bead-welds are 
deposited transverse t o  the  direction of ro l l ing  on p la tes  6 inches by 
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the  direct ion of the  bead-weld. Only suff ic ieht  metal i s  removed from 
the  t o p  surface t o  eliminate i r regular i t ies .  Material i s  then removed 
from the  lower surface t o  obtain a specimen 1.5 inches wide by 0.375 
inch th ick  with the top and bottom surfaces finished by grinding. 
The specimens a r e  etched i n  a 5 per cent n i t a l  solution and the V- 
notch is located so t h a t  the apex of the  notch i s  machined tangent t o  
the  fusion line. The specimen i s  bent t o  fa i lure  i n  a qual i f icat ion 
t e s t  j i g  and t h e  angle a t  maximum load f o r  each specimen is recorded. 
For comparison an ident ica l  specimen from the  unaffected p la te  material  
i s  a lso  made. The large amount of careful  machining required has been 
a legitimate objection t o  t h i s  t e s t  f o r  any investigation other than 
a research program. 

(D) End-Quench Hardenability Test (Jomiqyl 

9. It has been suggested by Kinzel (7) t h a t  each combination of 
welding conditions corresponds t o  a posit ion on the  end-quench hardena- 
b i l i t y  bar. A very comprehensive investigation following this l i n e  of 
reasoning has been presented by Doan, Stout and F'rye (8). Standard 
end-quench hardenability t e s t  specimens are  heated t o  2100°~ t o  pro- 
duce an enlarged austeni t ic  grain s i ze  s imilar  t o  tha t  i n  the  heat 
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manner and the  hardness measured along t h e  bar using the Vickers hard- 
ness method. 



(E) Slow-Bond (u-Notch) Continuous Cool 

10 . I n  order t o  use the  end-quench hardenability t e s t  t o  xheasure 
the weldabili ty of a s t ee l ,  fur ther  information regarding the re la t ion  
of hardness and d u c t i l i t y  i s  required. A number of f lat  specimens 
(1 x 0.25 x 6 inches) a re  cooled a t  various r a t e s  from 2100°~ by water 
and o i l  quenching, air and furnace cooling, and occasionally by other 
methods. These specimens are  notched a f t e r  heat treatment and the  
d u c t i l i t y  measured by a slow-bend t e s t .  The angle a t  madmm load i s  
measured and the hardness of each specimen is determined. From these 
data a relationship between hardness and d u c t i l i t y  f o r  a s t e e l  i s  de- 
termined and the  d u c t i l i t y  corresponding t o  t h e  maximum hardness of a 
weld may be predicted. For homogeneous material  the t e s t  can be roughly 
correlated with d i rec t  bend t e s t s  such as  the  T-bend and V-notched slow- 
bend specimens. 

(F) Standard Qualification Tests and Workability Tests 

11. - I n  a f u l l  evaluation of any weldabili ty t e s t  such as  described 
above, a correlat ion with prac t ica l  welded fabricat ion w i l l  be necessary. 
I n  the  development of high-tensile low a l loy  s t e e l s  other expedients 
such as the relat ionship o.f t ens i l e  strength t o  chemical composition 
(9) have a l so  been found u s e h l .  

Weld Crackinp Tests 

12, A number of t e s t s  which measure the cracking tendency of a a t e e l  
o r  weld joint  have been proposed by American as well as  by Brit ish , 

investigators. The chief cause of cracks i n  the  heat affected zone is 
t h e  hardening of the base metal accompanied-by a loss  i n  duct i l i ty ;  
increased cooling rate ,  increased res t ra in t ,  and hydrogen seem t o  be 
contributing factors.  The tendency f o r  cracking i s  generally reduced 
by preheating and by a high ra te  of heat input. A number of t e s t s  have 
been suggested; of these a macro or  microscopic examination of bead- 
weld cross sections, o r  of t h e  restrained f i l l e t  of the  Reeves type ( lo) ,  
o r  some form of restrained joint have been found sa t i s fac tory  by various 
investigators. Although considerable information is available it is 
s t i l l  not possible t o  make a clear-cut analysis of t h e  exact relation- 
ship of all causes of cracking. 

(H) Miscellaneous 

13. I n  an analysis of the  effects  of welding on a s tee l ,  a number 
of fac tors  have been discussed from time t o  time. No simple relation- 
ship has been found between the  hardenability of a s t e e l  as  calculated 
from.chemica1 composition o r  as measured by the end-quench hardenability 
t e s t ,  and t h e  hardness at ta ined i n  the  heat affected zone ( 6 ) .  A num- 
ber of investigators have pointed out the  importance of the c r i t i c a l  
cooling r a t e  of a s tee l ;  those s t e e l s  with a low c r i t i c a l  cooling r a t e  
usually require spec ia l  precautions i n  welding. The e f fec t  of cooling 
r a t e  on transformation temperature has a l so  been found important. 
Undoubtedly the d i rec t  application of the principles of metallurgical 
behavior which apply t o  ordinary heat treatment practices w i l l  not be 
possible with t h e  higher temperatures and shorter intervals  of time 
which accompany the  welding crycle, 



NARRATIVE OF ORIGINAL WORK AT THE LABORATORY 

l-4. I n  a survey of the  various methods of measuring the  d u c t i l i t y  
of the  heat affected zone, no d i rec t  method was found which was appli- 
cable t o  the  study of s t e e l  i n  a l l  thicknesses. Almost a l l  of the  t e s t  
work has been on p la t e  of l e s s  than one inch thickness, whereas d i f f i -  
cu l t i e s  i n  welding i n  general a re  l e s s  fo r  the  l igh te r  weight material, 
Many attempts have been made (5)( l l ) (12)  t o  study the d u c t i l i t y  i n  the  
heat affected zone by preparing a specimen with a longitudinal bead- 
weld on t h e  tension surface of the bend specimen. This type of speci- 
men has not proved t o  be suf f ic ien t ly  c r i t i c a l  f o r  use with low al loy 
s t e e l s  and has been found applicable mainly t o  nedium a l loy  and a i r c r a f t  
s teels .  It was suggested t o  the  authors t h a t  t he  use of a transverse 
bead-weld might r e s t r i c t  deformation suf f ic ien t ly  i n  bending the  
specimen t h a t  f a i lu re  would r e su l t  a t  the  t o e  of t h e  weld. With t h i s  
i n  mind, specimens (Plate 1) were prepared f o r  s t ee l s  1/2f1, 3/4", 
and 1" i n  thickness. The r e su l t s  of the  bend t e s t s  are  shown i n  Table 
1. In  a l l  cases the deformation was not r e s t r i c t ed  suf f ic ien t ly  by 
the  t o e  of t h e  weld t o  make it possible t o  measure the  e f fec t  of changes 
i n  welding technique on the  d u c t i l i t y  i n  t h e  heat affected zone. As a 
resu l t  of these t e s t s  it appeared t h a t  the  use of some type of notch 
would be necessary i n  order t o  r e s t r i c t  t h e  deformation t o  a limited 
area i n  the  heat affected zone. 

BEAD-ViEID hTCK-BEND TESTS 

15. Basically t h e  bead-weld nick-bend t e s t  is an outgrowth of 
the V-notched slow-bend t e s t .  The slow-bend specimen has been modified 
so t h a t  a minimum of preparation i s  required and so that  the f u l l  
thickness of t h e  plate i s  tested,  The t e s t  specimen consists of a 
notched f l a t  bar (Plate 2) with the  notch (prepared by a hack saw) 
so located tha t  it r e s t r i c t s  the deformation t o  the  mid-portion of the  
specimen when tes ted  as a s t a t i c  bend. The notch stops short of the  
heat affected zone i n  order tha t  i n i t i a l  deformation w i l l  occur i n  the 
weld metal and f a i lu re  i s  caused by rupture of the  low d u c t i l i t y  metal 
i n  the  heat affected zone. The angle a t  maximum load i s  used as an 
index of the  behavior of the material. The resu l t s  f o r  the bead-weld 
specimens are compared with those f o r  ident ica l  specimens prepared from 
the  plate  material. 

PROCEDURE FOR NICK-BEND TEST FOR IVELDABILITY 

16. The nick-bend t e s t  is designed t o  measure t h e  e f fec t  of a 
welding technique upon the  duc t i l i t y  of the  heat affected zone of a 
s teel .  The following procedure i s  outlined f o r  thicknesses of one- 
half t o  one and a half inches: 

(A)  Preparation -of the Specimen Assembly 

(a) Dimensions 

The specinen - assembly f o r  t he  nick-bend test s h a l l  conform 
t o  the dimensions given i n  Plate  3. 



(b) Condition of Specimen Assembly 

The p la tes  t o  be welded s h a l l  be i n  the  as-rolled condition. 
VLll s ca le  o r  any foreign surf ace material  s h a l l  be removed by shot o r  
sand blast ing o r  by effect ive wire brushing before welding. (Note (a)) 

i c )  Temperature of Assembly Prior  t o  Welding 

The plates  s h a l l  be a t  room temperature (70' + - 5 ' ~ )  when the  
welding i s  s tar ted.  (Note '(b)) 

(d) Welding Procedure 

I f  possible, t he  welds s h a l l  be mechanically deposited with 
f u l l  automatic control; however, manual welding i s  permissible i f  no 
mechanical f a c i l i t i e s  a re  available. The electrode s h a l l  be perpen- 
dicular  t o  the work which sha l l  be i n  a horizontal posit ion t o  insure 

.w-. * . 
an even s t r i n g  bead. Tne' bead s h a l l  be deposited using welding condi- 
t ions  a s  follows: 

175 amperes 
26 vol t s  - reversed polar i ty  
6 inches per minute t r a v e l  f o r  machine welding ( ~ o t e  (c)) 

01" 

6 inches of bead s h a l l  be deposited with 9 4 4  inches of 
electrode f o r  manual welding 

Electrode c lass i f ica t ion  E6010 ABTS and ASTM Spec. 
Nzvy Spec. Class 1, Grade 1 
Mild Stee l  - Heavy Coated - 3/16 inch diameter 

A second p la t e  s h a l l  be welded using 12 inches per minute t r a v e l  o r  6 
inches of  bead s h a l l  be deposited with 4-5/8 inches of electrode. 

(B) Preparation of Specimens 

(a) Two bend specimens s h a l l  bc- removed from each weldrnent as shown 
i n  Figure 3 by sawing o r  milling, using a sui table  coolant. A saw-cut 
or milled notch s h a l l  be located along the  center l i n e  of the weld-bead 
trarrsverse t o  the length of the specimen and en t i r e ly  i n  the  weld 
nugget t o  a depth of 3/64 inch below the or ig ina l  surface of the 
(plate 3). A power hack saw with a saw blade having a kerf of 1 ?late 10 
inch (0.72 inch thickness of blade) or  a mill ing cu t t e r  3/32 inch wide 
may be used. 

(b) A t  l e a s t  two unwelded p la te  specimens having the  same dimensions 
as t h e  weld specimen and having a notch of the  same depth and width 
s h a l l  be prepared f o r  comparison. 

(c)  Testing of Bend Specimens 

(a) The pa i r  of 'speckhens prepared from .the weldment shal l .  be tes ted  
a t  room temperature. The in terva l  of time between welding and t e s t ing  
s h a l l  be two days. ( ~ o t e  (d)) The specimen shall be bent with t h e  



notch i n  tension i n  a 3/4 inch T-bend j i g  (span 9 inches). A plunger 
with a 1 inch radius nose s h a l l  be used f o r  bending (plate 4). The speci- 
men s h a l l  be placed on t h e  female member of t h e  j i g  and so aligned t h a t  
the  center of t h e  notch i s  i n  a s t ra ight  l i n e  with the center of the 
plunger. The plunger s h a l l  be secured t o  the crosshead of a bending 
machine. The load i s  applied through the  parts  of t h e  j i g  by the . 
machine which may be a ve r t i ca l  screw o r  hydraulic type with a beam, 
d i a l  or other su i tab le  means fo r  indicating and/or recording t h e  loading 
characteristics.  The downward feed of the  plunger s h a l l  be continued 
u n t i l  the angle of bending i s  120' o r  u n t i l  the  specimen is carrying no 
appreciable load. 

(D) Results of Nick-Bend Test 

(a) The maximum load and the  angle of bend a t  maximum load s h a l l  be 
recorded, If a s t ress-s t rain recorder i s  available, a record of the 
loading behavior as indicated by a s t ress-s t rain diagram s h a l l  be made. 
Typical data f o r  t h i s  t e s t  are  shown i n  Plate 5 and Tables 3 and 4. 
Typical specimens a f t e r  t e s t  are  shown i n  Plates 6 and 7. 

(E) Notes - 
(a) Plates may be normalized o r  given other heat treatments i f  infor- 
mation f o r  these plate conditions i s  desired. 

(b) Plates may be a t  elevated o r  subnormal temperatures when welding 
i s  s ta r ted  i f  such information i s  desired. A refrigerated cabinet, a 
l iquid medium o r  an oven are suggested f o r  preparing subnormal and ele- 
vated temperature t e s t  platcs . 
(c) For fur ther  information, additional speeds of t r ave l  of 4, 8, and 
10 inches per minute have a lso  been used. Other types of electrodes 
may also be used. 

(d) Additional information may be obtained using other tes t ing  tempera- 
tures  and other intervals  between welding and testing. 

DISCUSSION OF VAIRIBBLZS AFFECTING THE EEAD-WELD hTCK-BEND TEST 

17 I n  the  ear ly t e s t ing  using the bead-weld nick-bend t e s t  con- 
s i s t en t  performance could not be obtained although the agreement of 
duplicate specimens welded at  the  same time and tes ted  consecutively 
was excellent. Upon fur ther  study, it was noted. tha t  there was a grad- 
u a l  increase i n  d u c t i l i t y  of the  bead-weld nick-bend specimen as the 
time in terva l  between welding and tes t ing  became greater. For example 
(plate 8) t h e  bend-ductility of s t e e l  #367 increased from 13-1/2 degrees 
one day a f t e r  welding t o  45 degrees a t  34 days a f t e r  welding. This 
phenomenon was noted f o r  a l l  s t ee l s  tes ted (plate  9). No en t i r e ly  
sat isfactory explanation has been forthcoming, although it i s  f e l t  t ha t  
the increase i n  duc t i l i t y  may be caused by a relaxation o r  redistribu- 
t i o n  of the welding s t resses  i n  the  weld metal and heat affected zone. 

18. It i s  important t o  remember t h a t  duc t i l i t y  i s  affected by the  
time in t e rva l  between welding and t e s t ing  i n  order t o  be able t o  deter- 
mine the e f f ec t  of other variables i n  this and other t e s t s  of welded 



joints. Practically,  it i s  fortunate tha t  the change i n  duc t i l i t y  i s  
toward the improvement of the  weldment. This gives fur ther  evidence t o  
support the statement often made tha t  i f  a weldment i s  sound when fabri-  
cation i s  complete, the chances fo r  continued sa t i s fac tory  performance are 
good. 

19 The weld-ductility appears t o  be sensi t ive to  the temperature at 
which the  specimen i s  maintained between welding and testing. To determine 
the  e f fec t  of temperature a number of specimens were stored i n  an oven 
between welding and testing. A decided increase i n  duc&il i ty  (Table 5) 
was noted f o r  specimens maintained at 8 5 O C  (1850F), 100 C (212O~) and 200O~ 
(392'~). I f  the  increase i n  d u c t i l i t y  i s  a phenomenon of r e l i e f  of s t resses ,  
such an increase i n  d u c t i l i t y  i s  t o  be expected. It is  interest ing t o  note 
tha t  t he  deposition of a second bead upon the f i r s t  bead resulted i n  l i t t l e  
o r  no change i n  t h e  time-ductility re la t ion  observed f o r  s ingle  bead-weld 
t e s t s  (Table 6). 

20. To study the effect  of the type of electrode used f o r  the nick- 
bend t e s t ,  specimens were prepared using 25-20 C r - N i  austeni t ic  electrodes. 
No change was observed i n  the  d u c t i l i t y   a able 7) a s  the  angle a t  maximum 
load had reached a constant value f o r  the  t e s t s  performed a t  the end of 
one day. It is expected tha t  other types of electrodes, different  from 
the AWS g o 1 0  used f o r  most of t h e  present t e s t s ,  w i l l  a ffect  the time- 
d u c t i l i t y  relationship. It i s  also expected tha t  the tendency toward 
cracking under r e s t r a in t  fo r  a par t icu lar  s t e e l  and electrode w i l l  be greater 
f o r  those combinations which show low nick-bend d u c t i l i t y  short ly  a f t e r  
welding. 

21. I n  order t o  determine the care which must be taken i n  preparing 
the nick-bend specimen with a .  hack saw, several  modifications of the notch 
were made. Specimens were welded from a number of s t e e l s  and notches 
were milled so as  t o  determine the e f fec t  of depth and width of the  nick 
on t h e  d u c t i l i t y  of the  specimen. A change i n  the  depth of the notch from 
1/32" t o  1/16" shows a s l i g h t  e f fec t  (Plate 10). A change i n  the width of 
the notch from 1/16!! t o  1/411 slowly increases the  angle obtained f o r  the  
s t e e l s  t e s t ed  (Plate 11). It is f e l t  tha t  accuracy suf f ic ien t  f o r  the 
nick-bend t e s t  i s  obtained using a hack saw f o r  preparation of the notch. 

22. The question has often been raised regarding the va l id i ty  of 
using the angle of bend a t  maximum load f o r  evaluating the energy absorp- 
t i o n  of a bend specimen. An evaluation of the energy absorbed by a t e s t  
specimen, i n  the  bend t e s t ,  may be obtained from the  s t ress-s t rain record. 
The area under the  s t ress-s t rain diagram may be expressed i n  inch-pounds 
and compared with the  angle a t  maximum load. Such a comparison using 5 1  
specimens i s  presented i n  P la te  12. The angle a t  maximum load i s  found t o  
bc related (within the  accuracy required) t o  the  energy absorbed except f o r  
angles over approximately 55O. A s  few of the .  weld specimens were suff ic i-  
en t ly  duct i le  t o  give angles i n  excess of 50°, it is f e l t  t ha t  the  angle a t  

load i s  indicative of the  energy absorbed i n  the  nick-bend t e s t .  



23. A number of t e s t s  were performed t o  determine t h e  effect  of the 
r a t i o  of - t h e  diameter of the  plunger used i n  the  t e s t ing  jig. Plungers 
of 1, 13, 2 and 3 inch diameter were used i n  t e s t s  with two s t ee l s  (Table 
8 ) .  The diameter of the r o l l e r s  was maintained-at 3" with a 9" span be- 
tween centers, Very l i t t l e  effect  was detected, although i n  one se r i e s  
of t e s t s  the d u c t i l i t y  i s  greatest  with the 3" diameter plunger. This does 
not follow i n  the  second s tee l ,  a s  the d u c t i l i t y  i s  lowest f o r  the 3". 
diameter plunger. It was decided t o  use the  largest  plunger which gave 
copsistent resu l t s ;  thus, a l l  other t e s t s  reported here are  made with the 
2" diameter plunger and the  3" diameter ro l l e r s  with a span between ten- 
t e r s  of 9". 

24 The question of reproducibili ty nust always be considered i n  the 
development of any new t e s t .  I n  many of the tab les  t h a t  a re  presented i n  
th ip  paper, the resu l t s  of duplicate t e s t  specimens have been reported i n  
order t o  give evidence of the reproducibili ty of the t e s t  ( ~ a b l e s  5 and 8). 
I n  general, t he  agreement i s  excellent. There a re  some cases, however, 
i n  which the  r e su l t s  of duplicate specimens are  not i n  good agreement, An 
examination of these specimens often revealed causes such as unsound metal 
or  improper notching. Specimens which are tes ted  short ly  a f t e r  welding 
show a tendency,for greater  discrepancies than those held f o r  greater  lengths 
of time a f t e r  welding. Satisfactory reproducibili ty i s  shown f o r  the  re- 
s u l t s  of the f ive  ident ica l  t e s t  plates reported i n  Table 9. 

25 An attempt was made t o  prepare specimens so tha t  they'could be 
tes ted  l e s s  than 1 day a f t e r  welding. Str ips  were cut 13" wide and four 
sections clamped together edgewise. Welding was then performedin accord- 
ance with standard procedure. A s  soon a s  welding was completed, the speci- 
mens were unclamped and broken apart ,  notched, and then were ready f o r  
testing. The r e s u l t s  of such a tes t ing  procedure i n  many cases compared 
favorably with those welded i n  t h e  larger  standard section. However, i n  
general, the  r e su l t s  were not as  consistent and could not be re l ied  upon 
t o  give a s  uniform resul t s  a s  those welded using the 6" wide plate. Fur- 
t he r  data  w i l l  be required before def in i te  conclusions can be drawn. 

26. I f  a t e s t  i s  t o  be sat isfactory,  it i s  desirable t h a t  the  duc- 
t i l i t y  w i l l  be affected by changes i n  welding technique. The area of pene- 
t r a t i o n  may be maintained reasonably constant by using uniform current and 
arc length; a range i n  speed of t r a v e l  from 4 t o  12 inches per minute may 
be used t o  vary the  power leve l  of the welding technique. Such t e s t s  made 
on a number of s t ee l s  (plate 13) showed a decrease i n  d u c t i l i t y  as meas- 
ured by the  nick-bend t e s t  f o r  an increase i n  speed of t ravel .  In  other 
words, d u c t i l i t y  increases as the  power input increases. 

27. . The re la t ion  of thickness and power input was determined on . 

three s toe l s  of 2 and 2-3/4 inches thickness re-rolled t o  1$", l", 3/4", 
and 1/2" thicknesses. These s t e e l s  were normalized and nick-bend specimens 
prepared. The resu l t s  f o r  one of these s t e e l s  #423 are  shown i n  Plate I..!+. 
For a given power input, d u c t i l i t y  increases as  t h e  plate  thickness de- 
creases.. A plot of the  power input per uni t  thickness i s  presented i n  
Plate 15  f o r  the  nick-bend t e s t s  on s t e e l  #423. The speed of t r a v e l  i n  
inches per minute is indicated f o r  each of t h e  points plotted. In general, 
the  higher r a t e s  of t r a v e l  show be t t e r  d u c t i l i t y  per uni t  power input than 



i s  obtained f o r  the  same power-input with a slower r a t e  of t ravel .  This 
indicates tha t  t h e  speed of t r a v e l  i s  ef fec t ive  not as t he  f i r s t  power but 
rather  a s  some f rac t ional  power. Considerable additional. investigation w i l l  
be required t o  establ ish exactly t h e  f rac t ional  power t h a t  w i l l  best  repre- 
sent t h e  heat transferred t o  t h e  plate  by t he  welding arc. From the  infor- 
mation t h a t  i s  now available the  effect ive power input varies approximately 
as t h e  4/10 power of t h e  speed of t r a v e l  expressed i n  seconds per lineal 
inch. Hence the  sca t t e r  of the  data i n  Plate 15 w i l l  be reduced consider- 
ably i f  the following empirical equation is  used: 

where H = effect ive power input 
E r arc length i n  vol t s  
I = arc current i n  amperes 
S = speed of t r a v e l  i n  seconds 

per l i n e a l  inch 
T = thickness i n  inches 

Using the  above re la t ion  t h e  data f o r  s t e e l  #423 shown i n  Plate 15 is  again 
presented in Plate  16. Further t e s t s  t o  establ ish the  va l id i ty  of the 
above re la t ion  are shown f o r  s t e e l s  #312 and 340 i n  Plates 17 and 18. 

28. I n  order t o  avoid the  variation i n  p la te  hardness which r e su l t s  
from normalizing the s t e e l  i n  5 t o  14 inch thickness, two of the s t e e l s  
which were f a i r l y  uniform i n  hardness and macrostructure through the  thick- 
ness were shaped t o  &, 3/4, 1, 18, and 13 inch thickness. These specimens 
were prepared from a 2-inch thick plate  with only a clean up cut being 
taken on the one surface and the excess metal removed f romthe  other surface. 
I n  t h i s  manner it was possible t o  weld on the f i r s t  surface and hence the  
bead-weld was located a t  approximately the same leve l  i n  the or ig ina l  p la te  
f o r  a l l  thicknesses of specimens. Nick-bend specigep.were prepared f o r  
a l l  t h e  shaped plates  i n  accordance with the  standard procedure. The re- 
lationship between the  d u c t i l i t y  of the welded specimens and the  power input 
per inch of thickness (Plates 19 and 20) was obtained from these results.  
The d u c t i l i t y  observed i n  these t e s t s  on as-rolled material  was somewhat 
lower than t h a t  f o r  the  same s t ee l s  t e s t ed  i n  the  normalized condition 
(Plates 17 and 18). 

SUMMARY 

29 A t e s t  procedure has been proposed f o r  measuring the effect  of a 
welding technique upon the  d u c t i l i t y  of the  heat affected zone of a steel,. 
The t e s t  procedure is reproducible and requires a t e s t  specimen which can 
be e a s i l y  prepared using only a hack saw. Tests can be made under con- 
di t ions closely simulating those encountered i n  practice with regard t o  
s t e e l  composition, thickness of plate ,  brand of electrode, and welding 
techniques actual ly  used. Results t h a t  are obtained have suff ic ient  sensi- 
t i v i t y  t o  be a useful  index. The ef fec t  of t e s t  variables has been studied 
and many variables such as the  depth of notch and width of notch have shown 
sa t i s fac tory  leeway f o r  the usual shop practice. 



30. For a l l  s t ee l s  discussed i n  t h i s  report, it has been shown 
tha t  one of t h e  variables that  must be controlled i s  the  time between 
welding and test ing.  It i s  fortunate, indeed, t h a t  the  d u c t i l i t y  of 
a welded specimen tends t o  improve as t h i s  gives a basis f o r  fur ther  con- 
fidence i n  welded structures. Several cases have been encountered i n  
which t h e  nick-bend specimens welded a t  one time and tested a t  increas- 
ing t ime '  in tervals ,  have changed from a b r i t t l e  t o  a duct i le  type of 
fa i lure ,  Some evidence i s  given tha t  the  relaxation o r  increase i n  duc- 
t i l i t y  may be affected by such differences i n  temperatures as are  en- 
countered i n  summer and winter seasons. The ef fec ts  of welding the  nick- 
bend specimen a t  room o r  low temperatures and t e s t ing  at low tempera- 
tures  have not been investigated. 
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IABU 1 - TRANSVERSE BEAD-BEND RESULTS (SEE TABLE 2 FOR CHEMECAL COMPOSITION) 

"-. . .  
Angle 

Thick- a t  Max. Max. Angle at 
Stee l  ness Welding Technique Load Load ~ a l u r e  

Inches Degrees Pounds Degrees 

274 1/2 As Rolled Plat  e-Longitudinal 117 13 ; 100 180 
Specimen 13 in.  wide l l 9  13; 500 180 

274 1/2 77 amps-22 volts-6 ih./min. 7 8 12; 500 115 
1/8 in. E6010 Electrode '72 12; 100 118 

274 1/2 90 amps-22 volts-6 in,/min. 77 12; 900 116 
1/8 in. E6010 Electrode 82 13 ; 100 112 

274 1/2 112 amps-214 volt  s-6 in./min. 77 13 ; 000 U O  
1/8 in.  E6010 Electrode 64 12,500 64 

313 3.4 A s  Rolled Plat  e-Longitudinal 
Specimen 13 in. wide 

313 3/4 90 amps-224 volts-6 in./min. 
5/32 in.  E6010 Electrode 

313 115 amps-22 volts-6 in./min. 
3/4 5/32 in. E6010 Electrode 

313 3/4 133 amps-22$ volts-6 in./min. 
5/32 in. E6010 Electrode 

3u 1 .  As Rolled Plat e-bngitudinal 
Specimen 1& in. wide 

3U 1 90 amps-223 volts-6 in./min. 
5/32 in.  E6010 Electrode 

314 1 115 amps-22i volts-6 in,/min. 
5/32 in.  E6010 Electrode 

3U 1 133 amps-225 volts-6 in./min. 
5/32 in. E6010 Electrode 



imI3; 2 - CHEMICAL COMPOSITION I N  PERCENT OF STEELS USED I N  T H I S  INVESTfGATION 



TABLE 3 T DATA SHEET OF NICK-BEM> TEST 

Angle a t  Maximum 
BZax. Load Mad 

steel 83.4 Degrees Pounds 

Plate 7'7 (NO complete 15;4m 
70 f a i lu re )  15,400 

Bead-Weld 

A-2 days 26 (sharp . 13,150 
a f t e r  welding 25 f a i lu re )  13,350 
1'75-26-636 

B.2 days 13 (sharp 10; 700 
a f t e r  welding 19 f a i lu re )  11,900 
175-26-13 

*Amperes - Volts - Travel inches per minute 



TABLE 4 - NICK-BEND TEST RESULTS (NORMALIZED) STEEL NO. 423 

Angle at  
Thickness Welding * Maximum Load Maxirmun b a d  
Inches Technique Degrees Pounds 

1/2 Plate  68 
17 5-26-4 62 
175-26-6 62 
175-26-8 58 
175-2610 43 

Plate  65 
175-26-4 37 
175-26-6 45 
175-26-8 3 2 
175-26-10 28 

Plate  60 
175-26-4 34 
175-26-6 29 
175-26-8 26 
175-26-10 22 
17 5-26-12 20 

Plate  7 5 
175-26-4 18 
175-26-6 18 
175-26-8 21 
175-26-10 19 

Plate  65 
175-26-4 12 
175-26-6 24 
175-26-8 9 
174-26-10 13 

* Amperes - Volts - Travel inches per  minute 



TABLE 5 - EFFECT OF TEMPWTURE OF STORAGE ON NICK-BEND RESULTS 

Temp. 85OC ( 1 8 ~ ~ ~ )  Temp. 100°C (212~~) Temp. 20O0C (392O~) 
Storage Angle at  Angle a t  Angle at 

Time Max. Load Max. Load Max. Load Max. b a d  Max. Load Max. bad 
Steel Days Degrees Pounds Degrees Pounds Degrees Pounds 



TABLE 6 - EFFECT OF DOUBIJ3 BEAD-WELD ON NICK-BEND DUCTILITY (STEEL #395) 

Double Bead Single Bead - 
Angle at Angle at 

Storage Time Edax. bad Max. Load MG. bad Max. b a d  
Days Degrees Pounds Degree$ Pounds 

175 Amps. 26 Volts. 6 in./&. E6010 - 3/16" diameter electrode. 



TABWE 7 - EFFECT OF 25-20 CR-NI ELECTRODE 
ON NICK-BEND DUCTILITY (STEEL #395 ) 

Angle A t  Angle A t  
Storage Time Max. Load Max, Load 

Days Degrees Pounds 

175 Amps. 26 Volts. 6 in./min - 3/16" diameter - 
25-20 C r - N i  electrode. 



TABLE 8 - EFFECT OF DIAMETER OF PLUNGER OF TESTING J I G  

' ' Diameter Angle A t  
Of Plunger Max. Load Max. Load 

St ee l  Inches Degrees Pounds 

2 days 14 34 18,100 
a f te r  welding 34 17,900 

2 days 13 5 2 U; 150 
after welding 54 u, 5 0  

5 days 14 53 13 ; 400 
a f te r  welding 58 l.4, 000 

175 Amps. 26 Volts. 6 in./min. E6010 - 3/16" diameter electrode 



TABLE 9 - REPRODUCIBIUTY OF NICK-BEND TEST 
FOR STEEL #31& 

Angle at Max. h a d  Max. Load 
Degrees Pounds 

AVERAGE 55 U, 700 

175 Amps. 26 Volts. 6 in./min. E6010 - 
3/16'' diameter electrode 
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Application of Nick-Bend Test 

It has been suggested by Jennings (13) tha t  the system reported 
by Doan, Stout and Frye (8) essent ia l ly  evaluates the duc t i l i t y  of the heat 
affected zone by matching the  hardness of the d u c t i l i t y  specimen and the 
maximum hardness found i n  the  heat affected zone. It was also suggested 
tha t  a d i rec t  measurement of the  d u c t i l i t y  i n  the  heat affected zone would 
eliminate many of the variables encountered i n  the Lehigh system due 
especially t o  t h e  effect  of grain s i ze  and inaccuracies of the hardness- 
d u c t i l i t y  re la t ion  obtained from heat t reated specimens. With t h i s  i n  
mind the following system i s  proposed f o r  evaluating the  e f fec t  of welding 
on the d u c t i l i t y  of a s teel .  It i s  recognized tha t  the system suggested 
here i s  basical ly  a simplification of the Lehigh system. The oteps i n  t h i s  
proposal a r e  : 

1, Determine the relationship of d u c t i l i t y  and effect ive welding power 
input by use of t h e  nick-bend t e s t ,  

2. Determine from the  relationship of s tepo( l )  the  power requirement per - 
inch of thickness f o r  a d u c t i l i t y  of 25 o r  other desired value, 

3 .  Determine from t h e  configuration of the joint the  equivalent thickness 
of the joint. 

4. Maintain the power l e v e l  from step (2) f o r  a l l  welding o r  adjust  with 
preheat when power input per inch of thickness becomes low. 

The concept of equivalent thickness of a joint requires only a 
brief-comment, If the metal i n  a joint were distributed uniformly i n  a 
plate,  t h a t  p l a t e  would have a cer ta in  thickness depending upon the  con- 
figuration of the  joint ,  I n  other words the l a s t  pass for 'a  single V 
groove weld would have an equivalent thickness of one inch, while the f i r s t  
pass would have an equivalent t h i c h e s s  of s l i g h t l y  l e s s  than one inch. I n  
Fig. 21  (a) ,  it can-be readi ly seen tha t  i f  the  metal were rearranged t o  
form a s ingle  plate ,  t h a t  it would have a thickness of 1s". This concept 
i s  simple enough so tha t  most joints pay be evaluated and it i s  useful  i n  
analyzing t h e  effect ive volume of metal contiguous t o  a weld. Usually the  
accuracy required does not necessitate a detailed measurement of t h e  areas 
i n  the joint. The equation H = EI S 4/1° may be used f o r  calculating the  -4- . . 
~ e l a t i o x i  6i the  variohs q u d y t i e s  desired i n  any given problem: The use 
of a nomographic chart  of the  re la t ion  between-effective power input, weld- 
ing current, a rc  length and speed of t r a v e l  is, however, more convenient; 
such a chart  i s  shown i n  Fig. 22. Any s t ra ight  l i n e  across t h e  scales  
w i l l  give t h e  effect ive power input f o r  a speed of t r ave l  of 6" per minute 
f o r  the  indicated arc current and voltage. For example, with a minimurn 
power requirement of 16,250 units,  611 per minute t r a v e l  and a 28 vol t  arc 
length t he  required welding current w i l l  be 230 amperes. If information is  
desired f o r  other speeds of t r a v e l  than 6 inches per minute the  effective 
power input must be converted t o  the  desired speed of travel.  For example, 
an ef fec t ive  power input of 20,000 u n i t s  a t  6" per minute w i l l  be reduced 
t o  16,000 units by increasing the speed t o  per minute. 



A number of examples w i l l  a id  i n  more c lear ly  i l l u s t r a t i n g  the  
method of attack proposed. 

PROBLEM 1 

Let us assume t h a t  we a re  interested i n  welding a T-joint with 
a f i l l e t  joiningda 1/2 inch p la te  t o  a plate  1 inch i n  thickness (Fig. 
21(a)) (Table 2), of no'malized s t e e l  #3l2. It i s  deskred t o  determine the  
minimum power l e v e l  t o  insure 25O bend duct i l i ty .  

Step 1 - The relationship of duc t i l i t y  and welding power input was deter- 
mined by use of the  nick-bend t e s t  (Fig. 17) S tee l  #312. 

Step 2 - A power l eve l  of 13,000 units per  inch thickness will be required 
(Fig. 17). 

Step 3 - The equivalent p la te  thickness i s  1& inches. 

Step 4 - The minimum power l eve l  w i l l  be 1$ x 13,000 or  16,250 units. 

From Figure 22 a t  611 per  minute t r a v e l  and a 28 vol t  arc length, 230 amperes 
should be the  minimum power level. The use of a diameter electrode i s  
indicated. 

PROBLEM 2 

Let us assume t h a t  it i s  desired t o  add a 1 inch th ick  p la t e  t o  
the joint i n  Problem 1 opposite the  $ inch plate  making a c~uci form joint 
(plate  21(b) ) . The requirement of 25O d u c t i l i t y  i s  to  be met, 

Step 1 - Same a s  s t ep  1, problem 1. 

Step 2 - Same a s  s tep 2, problem 1. 

Step 3 - The equivalent p la te  thickness has been increased t o  1-3/4 inches. 

Step 4 - The minimum power l eve l  w i l l  be 1-3/4 x 13,000 or  22,750 units. 

From Figure 22 a t  6 inches per minute speed of t r a v e l  and a 30 vol t  arc 
length, 310 amperes should be the  m i n h  power level. The use of a 1/4" 
diameter electrode i s  indicated. I f  a lower power l e v e l  i s  desired the use 
of preheat w i l l  be necessary. 

PROBLEM 3 

Let us  assume t h a t  we wish t o  weld-a inch th ick  gusset t o  a 3 
inch thick flange (F'ig. 21(c)), using normalized Stee l  #340, maintaining 
a d u c t i l i t y  of 2'jd'. 

Step 1 - The relationship of duc t i l i t y  and welding power input was estab- 
l ished by use of the nick-bend t e s t  (Fig. 18 f o r  S tee l  #340). 

Step 2 - A power input of 9,060 uni t s  per equivalent inch i n  thickness w i l l  
be required ( ~ i g .  18). 



Step 3 - The equivalent plate  thickness i s  5/8 inches. 

Step 4 - The mininnun power l eve l  will be j/8 x 9,000 uni t s  o r  5,625 units,  

From Figure 22 a power requirement-of 5,625 uni t s  a t  10 inches per minute 
speed of t r a v e 1 . i ~  equivalent t o  7,100 uni t s  a t  6" per minute. With a 28 
vol t  arc  length, 100 amperes should be the mininun power level,  The use of 
a 1/8'1 diameter electrode i s  indicated. 

Le t  US assume t h a t  we wish t o  weld a corner joint between a 4" 
plate  and a 1" pla te  (~ig. 21 (d) ) ,  using normalized s t e e l  #423 (Table 2). 
It i s  desired t o  establish a safe  welding technique i n  order t o  maintain a 
d u c t i l i t y  of 35'. 

Step 1- The relationship of d u c t i l i t y  and welding power input was established 
by use of t h e  nick-bend t e s t  ( ~ i g .  16) f o r  S tee l  #423. 

Step 2 - A power input of 13,000 uni t s  per inch thickness w i l l  be required 
(Fig. 16). 

Step 3 - The equivalent p l a t e  thickness is  3/4 inch. 

Step 4 - The minimum power l eve l  w i l l  be 3/4 x 13,000 o r  9,750 units. 

From Figure 22 a t  a speed of t r a v e l  of 6" per  minute and 28 vol ts  arc  
length, l40 amperes w i l l  be required. The use of a 5/32" diameter electrode 
is indicated. 



STEEL #312 

STEEL #340 

STEEL #312 STEEL *423 

PLATE 21 



SPEED OF TRAVEL - INCHES PER MINUTE 

J 
ELECTRODE DIAMETER 1/8" 5/32" 34s" $" 
CURRENT RANGE 90-130 120-160 140-225 200-350 

RELATION OF EFFECTIVE POWER INPUT WELDING CURRENT, 
ARC LENGTH AND SPEED OF TRAVEL. 

PLATE 22 


