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Introduc t3. on;

i*11his part of the pr9ser.t inv43tigratic.̂ n is spec:.-

fically concerned with Union^n91.t automatic wolcâ.in6 and ;:,ip

resul.t3nt cool`•.ng rates in tne heatWaff'ectod zones o As i.n

I'art l9 it was desired to deterr..ine the coollir.g rates aûsc>-

cimtet! with normal welding practice and the variations of'

the se cooling rates that could be obtainad by varying we ldm

int; conditions within px•ect3cal ïir,:its, The transfor.r_zatiora

products resu?ting from theae varying cooling rates are of

prine importance and are afunctl_on of the t..'neatemFerfzture

relations above the equilibriuW tomperature.

This Investigation is concerned with :!,,e ef,'f; cc:s

of welding conditions on the br-iso u.etal of the neatcaff'rctEj

zones and Is limited to certain arer.s within the zones

determined by ûherrtiacoup:le lccation.
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Mater lai:  

The material ueed was standard bulletproof plate, 

12 mm  in thickness, made by the Dominion Foundries and Steel 

Llmited, liamilton, Ontario. This steel is made to tho follow- 

• ins specification: 

11■0111WIMM/1., 	 areafeeeenmamm../.44.armem... 	 mum■wertmimlebtl 

One large plate was used, being cut into eections 

12 in, x 36 in. UnfortunaterAit was impossible to obtain 

the heat or plate number, A chemical analysis of this plate 

gave the following results: 

Per Cent 	 percent 

Carbon 	 024 	Chromium 	 0,94 
Manganese - 	0.78 	 •  Nickel 	 0,70 
Silicon 	 0,54 	Molybdenum  - 	0,20 

	 .....4.4.1.4■4.44m4ammeem....111.44114.■•■•14411.41•11•■■••••■■101101111....war-lele/MIMM .1•••••■••1111111 

jeuipment:  

All  welds were made with the Unionmelt Type "U" 

welding head operating on A.C. current, No. 80 melt of 

12 x 200 sizing and No, 40 3/16-in. crameter Dominion exygen 

Co. electrode, This electrode deposits metal of the fellowing 

analysis: 

Per Cent 	 Per Cent 

0.14-0.17 	Chromium 	- 	Trace. 
1.8-2.20 	Nickel 	- 	Trace. 

0,02 	Molybdenum - 043-0.48 
141•11M.4.111•11•44.1111fflYMIM111.• ■■■ ••••■■••■••••••••••«Yede 

Uelding currents were measured by inserting  e  vieton 

D.C. A.C. ammeter into  the  prtmary circuit of the welding trans-

former and multiplying  the figures obtained by the  appropriate 

factor. Open circuit and arc voltages were measured by connect-

ing a Weston A.C. voltmeter between the welding head  an ci  the 
1141 
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("Equipment, contid) - 

Ground clamp. 

Plate Preparation: 

Plates ware prepared by machine bevelling to a 

45-degree included angle and a 1/16-in, root face. Plate  

sises  Were 12 in. x 36 in., so that when a weld was comnleted 

a test plate 24 in,  x  36  in. was secured. The plates were 

positioned ln a  jig used  in  armoured vehicle production and 

backed up with  a copper bar  1  in.  x  3 in, x 38 in. (Sketch 

No. 1). No preheat was esed  in  any case,  The temperature 

of the plates at beginning of welding was approximately 60° Po 

leme.ema_MAmmEnsle£: 
Exactly the  same system of temperature measurement 

was used as in Part I of this report. Here again temperatures 

were measured in a plane midway between the two surfaces of 

the plate and at various distances from the weld. Due to this 

selection of thermocouple location it should be emphasized that 

in the remainder of this report all remarks applyeunlese other-

wise indicated, only to the stool within this area. Holes were 

drilled in the plates to  a depth  of 6 mm. with a No. 51 drill. 

.This sizeofholeisnecessary to'accommodate the thermocouple  wire 

and its porcelain insulator  and  is too small to have more than 

-  a second order effect on heat flaw , e:ach wire was welded onto 

the plate in separate holes,  the centree of which were 1/8 in. 

apart, by the electrical discharge method (1) . Each weld was 

then tested, by  a  sharp pull,  for mechanical soundness 

The characteristic current and voltage oscillations 

at the start of a Unionmelt weld necessitated location of 

thermocouples at least  1  feet from the starting and of a weid. 

Three sets of thermocouples were evenly spread over the 



1•• 

- ?age 4  - 

(Tamperaturo Measuraments e  conttd) - 

remaining two feet in order to minimize the possibility  cf 

failure to secure a cooling rate recording because of  thermo-

couple failure. 

Procedure:  

All welds were made in one pais and the apeed cf 

welding, energy input *  etc., were recorded. Thermocouples 

were welded into position (sketch No. 2) und the cooling rate 

obtained for each vreld. 

• 	7:he energy input of each weld was calculated from 

the formula 

_arc  voltage x arc 	x 60 = Joules per incb. 
welding speed  in inches er thinute 	energy input. 

Cooling rates, energy input, etc., were determined 

for three types of welde. These were thcse of high, low and 

normal energy input, The low-energy-input weld was made by 

employing the lowest arc energy possible consistent with  good 

welding action. This limitation was established to remain 

within practical welding conditions. This same idea WEIS 

carried forward to the high-energy-input  weld. In the case 

of the normal-energy-input-weldl the welding conditions were 

those used in similar joints and  thickness of plate in armoured 

vehicle production. 

These cooling  rates  having been obtained,  the  TTT curve 

and Grange & Kiefer continuous cocling diagram used in  l art  1 

of this report could  be  emrloyed  to  attempt te correlate cooling 

rates' with the microstructures  produced. ;111le the  analyses  of 

the two plates used in  both  parts of  this report ara not  identi-

cal their differences  are  net marked. 21gure 1 shows the iltrans-

formation begins" line cf  both the TTT curve and the Grange  
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(Procedure, con 4; 4 d) 

K iefercooling diagram of the steel used in the first part 

of this report. In subsequent charts these lines have :.›zen 

supertmposed on the coolinj curves obtained. 

Data Obtained: 

( 1 ) Tow-En°rgY:I2Pte  	- 

Rod size, 	 Welding 	inergy 	taixinum tel-Aper- 
(diameter 	Volts Amps. 	speed, 	input, 	atun: recorded, 
in inche $ ) 11121£11-ne. 12.1A(21Inall 	F. 

	

-  -. 	 --- 

3/16 	30 	1,050 	20 	94,450 	'1660 

Figure 2 shows  the  cooling  rate obtained, Fi,pre 3 

shows a macrophotoeraph  of a  section of this weld throuh the 

centre of one of the thermocouple holes. It will be noted that 

the end of the hole is well within  the  heat-affected zone of 

the weld. Figure  4 &lows the  resultant microstructure produced 

at the  end of  the  thermocouple  hole.  The  Vickers hardness at 

this location was found to be 401. 

(2) Normal-ineriey-Input ';eld  - 

Rod size, 	 *:elding 
(diameter 	Volts Amps0  speed, 
In  inches) 

3/16 27 	810 	10 131,000 1910°  F. 

•■ 

2ieure 2  shows the cooling  rate obtained. Figure 5 

shows a macrophotograph  of a  section of this weld throughthe 

centre of one of the  thermocouple holes, it will be neted that 

the end  of the thermocoufae hole is well within the ht-affected• 

zone of the weld. Figure 6 shows  the resultant rIcrostructure 

produced at the  end of the thermocouple hole. The'Vickors hard-

ness at  tais  location was found to be 306. 

(Continued on next paee) 
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(Procedure, contfd) 

(3) lille-e:nerey-In2u1;  Weld - 

Red size, 	 Maximum temper- 
(diameter 	Volts Ampe. 	speed, 	input, 	ature recorded, 
in  inches) 	 e e. 	 

3/16 	30 	750 	C 	168,750 	1605' F. 

Figure 2 shows the  cooling  rate  obtained. eigure 7 

shews  a macrophotograph of a  section of this  weld  throuel  one 

of the  thermocouple holes.  It  will be  note( thet the eed of 

the thermocouple  hole is well  within  the boat -affected zone of 

the weld. Figure 8  shows  the resultant  microstructure ?reduced 

at the end of the thermocouple hclo. The Vickers hardness at 

this location was found to  be 354. 

Figure  9  shows  the structure of the armour plate prior 

to welding.  The Vickera hardness  of the  plate in this eondition 

was found  to be 327-342. 

General Discussion: 

In  Part l of this re:pert it was  pointed  cut  that the 

interpretation or auctenitizing conditions  and austerite trans-

formation was subject  to many  difficulties.  However,  elfeeli-

ficatione  can be made which are reatricted to  certain nerticular 

cases. The cooling  rates over  almost the entiro width of the 

heat-affected  zone  arc roue:hly  the  name, which  permlte further 

eimplificatien  since only  one teormocouple need be used and  its 

lecation within  the heat-aCfected zore Is nrt critical 	This  

conclusion was  reached  after  reccrdinË sinultancouely in  the 

eame heat-affected  zone tee tire-temperature  cycle with thermr-

ceuples lecated  at varying  distances  from  the'fuslcn 2Ine. 

Her:ever :, nlight variations probàbly occur. 

7.actors influencing the austenite hardenability  within 

the heat-affected zone are cf prime importance. Consider first 
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(General Discunsien„ contld) 

the grain size. In the eresent case, the grain size effect 

is believed to be unimportant since evidence was obtained  that 

• the  grain-coarsening temperature was hiéhar than 2000 °  

Because of the latent heat of solidification of steel  the 

cooling rate is lowered in the region of higher temperatures 

and the increase in hardenability due to grain coarsening  is 

more than compensated. It is common experience teat the 

hardness of the region of the heat-affected zone close to  the 

fusion line Is lower than in the opposite directien altheugh 

the steel i3 at its maximum hardenability. With respect to 

carbide inhomogeneities, they are also  in this case believed 

to be  of  minor importance. This  conclusicn has b3en  reeehed 

because  of the  fact  that with eaual cooling rates and grain 

sizes the hardnesees  of the  transformation products evee the 

entire  width of the hoat-affected zone wore almost equal. 

This means that  the  TTT  curve  Is shifted insignificantly  in 

the range where  transformation  occure, This conclusion, 

however, must not  be  generalized, because  there  are rany  known 

cases  where,  in tact, hardness  variations  exist in the heat-

affected  zone  and  have  to  be explained  in  terms  of the  earbide 

inhomogeneities due  to  the  equality  of cooling  rates and 

austenite grain  size, 

eehus we have reached the general conclusion that, 

in  this particular  case, difference in  cooling rates  is the 

chief factor accounting for the hardness and ductility Ill the 

heat-affected zone, 

It will be noted that in  all  macrophotoraphe the 

width of the heat-affected zone is not the same on both eidec 

of the weld, Hardness surveys reveal  that  in the case of the 

normal-energy-input weld the hardnesses on the side in which 
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(General Discussion, cont?d)  - 

the thermocouple was located were uniformly appreximate:.7 300 

Vickers whereas on the opposite side hardnesees of  400 'Jickere 

were recorded. This feature is very important,  as  it reght 

invalidate results of investigations made only on one nide  cf 

a  weld. Ihe differences in widths of the heat-affected zones 

and the differences in hardness of these zones indicate a. 

considerable difference in energy distribution and absorption 

and consequently varying cooling rates, In  effect, meure

ments made on the low-energy voids have been made on what 

might be described as the low-energy side of the low-energy 

weld. This is believed to be due to imperfect aliment of 

the welding head with the centre line of the joint. 

( 1 ) L°w-EneEEZZinEn_2211 - 

The resultant microstructure at the end  of  the thermo-

couple hole was found to be fine-grained, acicular, and  uniform. 

The hardness obtained and the structure in this area  are in 

agreement with the cooling rate obtained and its  relation to 

the Grange ce Kiefer cooling diagram. It will be noted  from 

Figure 2 that the cooling curve intersects the  Grene;e  El. Kiefer 

cooling diagram in the bainite range and that the  cooling 

curve is relatively steep, which implies incomplete trans- 

formation to bainite when the M point is reached, Coneequently 

a structure a composite of bainite and martensite would bo 

expected, and, as shown by Figure 4, has been producedç 

The uniformity of the structure, while not  evidence 

of absence of segregation, shows that at least  the traneforma-

tion products are uniform within themselves. In Figure 3 

(macrophotograph), note the marked difference in the witth ef 

the heat-affected zone on the two sides cf the weld. 

'  The length of time at the austenitizing  temperature 
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(General Discussion, contgd) 

(9.2 aeconds at above the ec3 temperature) would probably not 

be sufficient to produce homogeneous austenite, so that dis- 

placement of the TTT curve, and consequently the cooling diagram 

towards shorter times, is ..nevitable. This shift is oelieved 

to be of minor importance. 

(2) Normal- and High-Eneray-Innut  Aelds - 

The microstructures at the ends cf the thermocouple 

holes (ehown in Figures  6  and  8) are  fairly characteristic of 

those found within these areas. However, considerable  variation 

In structure was noted within this area. Hardness surveYs  made 

across the heat-affected zones have shcwn uniform hardness at 

leaet along that  eide on which the thermocouple was lcceted. 

Two different thermccouples .(different distances from  the 

fusion line) gave almost exactly the same cooling rates  In the 

case of both weldo although tbe maximum temperatures attained 

were  different.  For  the normal-energy-input weld the two thermoe 

couples recorded maximum temperatures of 1910 °  F. and ZWO°  F. 

and f.n the high-energy-input wold 1605° F. and«.:200 °  F.  From the 

cooling curves obtained in each case it can be concludee.  that the 

cooling rates are almost independent of the maximum  temperature 

attained. The hardness surveye in each case have net shown any 

eignificant difference which, in turn, indicates  independence 

of the maximum temperature attained. Ibis would  indicate that 

in this case the displacement of the TTT curve due  to differences 

of carbide inhomogeneities (it would be expected that  better car-

bide solution would occur at  the  higher temperatures)  encountered 

In the varying austenitizing conditions is negligible,  Briefly, 

the  cooling rata appears  to  be  the ecle important  factor. 

In order to relate the cooling rate to the  transforma-

tion  products on cooling, only the cooling rate in the regien 
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(General Dlecussion„ contld)  - 

where traneformation actually occurs phould be considere for 

all practical purposes. '2he differences in hardness between 

the two welds appear to be inexplicable on the basis of the 

resultant microstructures. On the other hand, on the baste  

of Grossmants criterion of hardenability of half temperature 

times (half temperature times between the maximum temperature 

and room temperature) the hardness of the normal-energy-Input 

weld anould be higher than that of the hiesh-energy-input weld. 

However, the fact that these calculations allow for time spent 

above the Ae  temperaturee ia not - theoretically sound,sinee 

transformations take place at considerably lower tomperetures. 

An explanation was ac.laieved by considering the 

cooling rates in the region of the bainite-martensite range - 

that is,from 1000 e  F. to 500e Fo In thie range the high-energy-

input weld shows a steeper slope than the normal-energy-input 

weld although the times from the lower Ae  temperature tcs 500 0  F. 

are the 8aMe 0  11he mechanics of transformation at this  ti:e0 are 

etill . being debated, One would expect that faster ccoling ratea 

would lead to harder transformation products. 

In both structures banding was found and this fe9 an 

evidence of segregation in auetenite. From  the etandpoint of 

transformation cf the austenite, banding will show up according 

to the differences .  in carbon and alloy contents of the belids 

and also to variations in cooling rates. It is known e  for 

example, that carbon has a much more pronounced effect en  the 

displacement of the M point than the common allcying  elements 

(Ni,  En, Cr, etc.). On the other hand these alloying  elements 

will disnlace the nose of the TTT curve more than will carbon. 

According to the relative displacement of certain  regiont  of the 

TTT curve and the cooling rates involved, segregation will  show 
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(General Discussion, contçd) - 

or will not show in the microstructure. For example e  the 

microstructure of a fully quenched steel containing segregation 

of alloying elements will not show segregation,whereas the D 81213 

steel will show bands in the annealed condition. This is because 

the m point of the segregated regions is but slightly displaced 

but the top region of the TTT curve ie more c;rastically affected. 

Banding introduces cne more complexity into the pro-

blem of interpretation because the hardness c£ the resultant 

microstructure is a resultant cf _two components of differing 

individual bardnosses the exact proportions cf which are vnIcnown, 

V:ithin one heat of steel, segregation would be the same if the 

. nolting and rolling practices are the same. In addition, segre-

L;ation has a different importance, according to the ccolins rates 

involved, as explained above. In this case, on the basis of 

microstructure and  cooling res the  consequences cf segregation 

are believed to be of the same  order  in both the normal and the 

high-enerzy-input  welds. 

UONCLUSICUS: 

1. Under the conditions of this investigation the 

cooling rates at the centre of a 12-mm. plate of  a singlespass 

automatic weld may bo varied from averages of 8,3 to 4,.75  

Fahrenheit degrees  par second between  the  lower critical  and 

the Ar"  range, This variation of cooling rates ia  obtainsd  by 

var7ing the  energy input of the weld. It should be omphasined 

that there average cooling rates were obtained on what might be 

termed the lowsonergy side of the welds. 

2. The most important single  factor determining the 

hardness and  ductility of the heat-affected zone is  the cesling 
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(Oonclusions, conttd) 

rate through the Important subcritical temperature  ranges, 

3. In this Investigation it has been shown.that 

measurement of cooling rates within the heat-affected  zone 

is possible but tàat  the  correlation of cooling rates with 

the cooling diagram is Inpcssible due to pronounced banding 

of the steel. 

4. Cooling rates arc essentially the same over  the 

entire width of the heat-affected zone and are independent of 

the maximum temperature attained. 

5. The use of hardness mirveys on one side of a 

weld, aa a mane of prediction of  the  ductility cf the joint s 

 is of doubtful value. SUght misalignment of tho welding head 

with the centre line of the joint results in concentration of 

heat towards  one  side of the weld and a convoquent variation 

in hardness between the two sides. 

.2£111UPJUILI: 

It must be conceded that the prime objective cf this 

investigation has not been attained. However, some trends are 

noticeable and worthy of comment. 

The thermal cycle of welding of low-energy-input welds 

is euch  as  to produce a hard a  fine microstructure Tho fact 

that this thermal cycle was determined on the low-energy side 

of the lcw-energy weld does  nt  alter this statement. In other 

words s  the hardenability of the plate has been used to eod 

effect. This characteristle migbt prove useful in welding of 

low hardenability hoatn. 

The effects of the thermal cycles of welding with the 

normal and hlgh-enorgy-input techniques ara more difficult to 

assess. It would eppear that the best use Of theee techniques 
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(Commentary, cont'd) - 

would be confined to high hardenability armour plate in uhich 

excess hardening is to be avoldod. 

It should be noted that these trends -  are the direct 

opposite of those noted in the .manual welding part of t'rds 

investigation. 
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In both part I and ',;ar t II of this report, ^,Tr€+in. zs.za

and austenite inhomogeneity factors have been suc

correlation of cooline rate3 with microstructuret^<

The welding of hi,ii hardenability materials producea

within the heat-affected zone a hard, coarse-grai.ned structure o

This structure is associated with high naximura temperatuw3m and

possible complete solution of cart+ides and alloys in the austenm

ite. The cooling rate, if just exceeding the critical coo3.ing

rate, will result in the maximum hardenability of the ateel

being developed in the se areaà o The response of the

of the heat-affocted zoneti to the cool ing rate is c or,di. t ioned upon

t h e s m a 1 ler grain s ize and lower maxircium temperature s obtained e

with consequent inhomogeneïty of the austenitea The result cvould

be a lcwer developanent of the potential haruenabil.ity and pro-

bably superior ballistic perforrianceo In brief, in the case of

the high hardenability materials the hard, coarse-grairaed area

is least able to resist shock and oenetration and is ttaerefore

critical.

in the welding of lower hardenab3Xity materia:ï s the

development of maxim-,= hardenability in the coarae-gra.l.•ned area

of the n.eet-affectod zone would not be expected to prodv: ^t^,;e scvw3

sensitivity to shock and penetration as in the high b€crdenabs lity

materials, The weakest area within the heat-affocted zone viou.A.a

be that in which the grain size is fine and the max3.r<^un, ::ra-

turc attained relatively low wi Lh the conacZuent inhomogoneity

of austeniten Here the Max:i.rium hardenability is not developed

and thisp in conjunction with low potential hardenability; pro-

surnably would result in low resistance to penetrationp

Materials of :aediuni hardenability are more difa'icult

to aa4ess In regard to their response to the thermal cycle of
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(Addendum, cont 9 d) 	 . 

welding. At the  moment it is not known where the divi , :itg 

line between high and low hardenabilii;y should be dranee„ It 

io quite probable that beth of the areas discussed above 

would be critical. 

New that some knowledge  of the thermal cycle  ,D2 

welding has been obtained,attempts to duplicate t:lese  ejeles 

could be made by heat-treating metheds. If this it possfUtele 

with very small samples, it might also be possible to develop 

a modified TTT curve and  a Grange &  Kief or  typo cooling diagram 

which would permit accurate preeetion of resultant microstruc-

ture associated with the cooling rates available. This mettu -

would. 4  of course, consider grain size  and austenite  inhemogenel: 

factors as a part of the modified TTT curve. Conoideration  han 

been given to the meaeurement.of  inhomogencity in austealte and 

one particular liethod shows pronise, 

The undertaking of additional research is under con-

sideration. In the event ti)a., 	is decided to extend this 

work and results of . interest and importance are eecuroj e  an 

additional report will be issued. 

H:M:GHB. 

• 
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R aw Distance of centre of thermocouple 
-  hole from bottom edge  of plate. 

R varied with heat input of weld. /ind of thermocouple  always 
within the heat-affected zone of weld. Necessary length of R 

p- 	determined by trial and error. 
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MACROPROTOGRAPH Or WELD S2OTION - 
LOW-ENERGY INPUT. 

Note end of thermocouple hole well witbAn 
the heat-affected  one Notepalto,differ-
ences in  width of heat-affected zone at 
two sides of  weld., 

ell•• 

Figure 4 ,  

X5000  etched in 4. per  cent picric acid, 
1 per cent H01 in alcohol. 

RESULTANT STRUCTURE OF LOW-ENERGY-INPUT W2L1) . 

Compobito  of ri..i.rtensite and bainite, 
Note  uniformity and fineness of structwce. 



Ff,:.e1:9,2 	5 a 

MACROPIICTOGAPH or SECTION C,7 
NMMAL-ENERGY-INPUT WSLDO  

Note end  of thermoccupe hole well withf.n 
the heat-affected zone. Noto,a13e,th:D 
differences in width of heat-affected 
zone on the  teo sides  of  weld, 

PiEsze 6, 

X500 e  etched in 4 i)or aent picric acid r 
 1 per cent HUi  in alcohol, 

RESUL(MNT STRUCTURE  CF IY.)iïLN.:Wài- -INIIIT 

Note aifference:3 of transfrmation 
products  as a result of "tandinfi; 

11. 



VACPOPHOTO(M-11. 	OF  
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Note end  of th:e.,mocouple hole well  within 
tho heat-affe,cted zone. Noe,alopthe 
dif2eronces  in widtil of heat-aff ,ccted 
zone on  the two al de s of weld. 

IMO 

8. 

X500.2  ewhed  in 4  per cent  icri. acid, 
1 per  c,117.,  E.,11 in alcc-ilol. 

ESULT.NT 	TU c  f.  TR E 	HIG  ENï . f3Y1.NP1JT  Lai) 

Notie diffeences cf trann'?ormon 
va°0ctr› , L'.3 a 7ce,u1t of 

■-• 
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X500 e  (itciled in 4 pt7r cent picric  r  old 
1 per cent 7C1 in alcohoi 
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