
A Weldabi l i ty Testing Procedure for 
Premium Rail Steels w i th Reference 

to V-N Steels 

A procedure for determining electroflash welding parameters 
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ABSTRACT. A weldabil ity testing pro­
cedure for premium rail steels has 
been developed in which simulated 
electroflash welds were made from 
various V-N experimental rail steels in 
a Gleeble apparatus using 10 X 
10 X 75 mm (0.39 X 0.39 X 3.0 in.) 
samples. A fairly wide range of cooling 
rates produced pearlitic structures. 
The hardness distributions in the simu­
lated weld part of the samples were 
almost uniform, showing that the V-N 
rail steels have good electroflash weld­
ability. 

A procedure for determining elec­
troflash welding parameters is pre­
sented. The procedure has been 
applied to the welding of Cr-Mo pre­
mium rails. 

Introduction 

Possibly the most important feature 
of an electroflash weld (EFW) is that 
the weld is a solid-phase weld (SPW) 
and, therefore, should have no fusion 
or solidification region wi th in its 
boundaries, unless the weld is defec­
tive. The joint region consists of base 
metal that has been subjected to a 
thermal cycle in which peak (or maxi­
mum) temperatures ranging from A, 
(720°C or 1328°F) to Tm (1500°C or 
2732°F) have occurred. 

The object of this paper is to 
describe a procedure for assessing the 
weldability of premium rail steels with 
particular reference to a series of V-N 
steels. The procedure consists of simu­
lating the thermal conditions which 
occur during an electroflash weld. The 
microstructure and the hardness pro­
file of the simulated welds are then 

examined to determine the weldabil i ty 
of the steel being studied. A procedure 
for determining electroflash welding 
parameters has also been developed. 
In this procedure the structure and 
cooling rate of simulated welds are 
compared to the structure and flash­
welding parameters of trial flashwelds. 
By making suitable changes to the 
flashwelding parameters, as deter­
mined from the above comparison, 
good flashwelds can be obtained. 

Simulation of Electroflash Welds 

The weldabil i ty study under discus­
sion was designed to examine the 
transformations that take place in solid 
phase welds of rail steels. To achieve 
this, steel specimens must be heated 
to various peak temperatures between 
720 and 1500°C (1328 to 2732°F) and 
then cooled to room temperature at 
various cooling rates. The Gleeble 
apparatus is specially suited to pro­
duce specimens with the desired ther­
mal histories. 

Since the only transformation to be 
observed when cooling a solid phase 
weld is the transformation of austenite 
to its decomposition products, and 
since the cooling rate from the AC, 
temperature determines the products 
of the transformation, as shown by 
continuous cooling transformation 
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(CCT) diagrams, the cooling rate at 
which the transformation takes place 
is the critical thermal parameter. 

Experimental Procedure 

The composition of V-N steels that 
were tested in these experiments are 
given in Table 1. To provide the infor­
mation necessary for the determina­
tion of the flash welding characteris­
tics of these steels, dilatometric as well 
as Gleeble experiments were con­
ducted. The fo l lowing procedures 
were, therefore, drawn-up: 

1. Standard dilatometer samples 
(Fig. 1) were machined, and all the 
critical points were determined by 
dilatometry even though the main 
objective was to determine the Ar, 
temperatures—Fig. 2. 

2. Samples of each steel were 
machined to a 10 x 10 x 75 mm 
(0.39 X 0.39 x 3.0 in.) cross-section. 
These particular dimensions were se­
lected so that Charpy blanks for con­
ventional or instrumented tests could 
be prepared if desired. 

3. The machined samples were ther­
mally cycled on a Gleeble thermalcy-
cle simulator.1 The main features of 
such thermal cycles are shown in Fig. 
3; a maximum peak temperature of 
1000°C (1832°F) was used. 

Results and Discussion 

The results of the dilatometric 
experiments are shown in Table 2. 
Since the critical temperatures are the 
same within experimental error, the 
results from the thermal cycling exper­
iments to be given below are for steel 
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Table 1—Chemical Composit ion of the V-N Steels Examined in the Present Paper 

Composi t ion, %'" 

Rail 

G 
H 
I 

) 
K 
L 
M 

C 

0.67 
0.71 
0.70 
0.72 
0.72 
0.64 
0.74 

S 

0.035 
0.032 
0.023 
0.033 
0.039 
0.041 
0.038 

P 

0.023 
0.018 
0.020 
0.019 
0.017 
0.016 
0.017 

Si 

0.60 
0.58 
0.63 
0.27 
0.30 
0.62 
0.29 

Mn 

1.00 
1.05 
1.09 
0.76 
0.74 
1.12 
0.75 

Al 

0.020 
0.010 
0.010 
0.010 
0.005 
0.005 
0.005 

Cr 

0.80 
0.77 
0.81 
1.27 
1.36 
0.82 
1.28 

V 

— 
0.10 
0.20 

-
0.10 
0.10 
0.19 

Nb 

0.053 
0.056 
0.051 

-
-
-
— 

N 

— 
0.014 
0.020 

-
0.014 
0.013 
0.016 

"Residual e lement levels (%): Sn-0.002; Cu-0.01/0.02; Ni < 0.0O5/0.03; M o < 0.005/0.07. 
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Fig. 1—Dilatometer bar 

H unless o t h e r w i s e spec i f i ed . 
The e tched G leeb le spec imens w e r e 

simi lar in appearance to t he sample 
s h o w n in Fig. 4. The cent ra l part of t he 
bar, abou t 10 m m (0.39 in.) in l e n g t h , 
had a d i f f e ren t e t c h i n g behav io r to t h e 
rest of t he bar, because it had t rans­
f o r m e d in to aus ten i te d u r i n g t h e r m a l 
cyc l i ng . The peak surface t e m p e r a t u r e 
measured at t he G leeb le c o n t r o l the r ­
m o c o u p l e was a b o u t 1000°C (1832°F); 
howeve r , the peak t e m p e r a t u r e in an 
e lec t ro f lash w e l d is c lose to the m e l t ­
ing po in t of steel . 

An e t ched samp le m a c h i n e d f r o m 
an e lec t ro f lash w e l d is also s h o w n in 
Fig. 4. A g a i n , t he d a r k - e t c h i n g reg ion is 
b o u n d e d by t w o planes w h o s e peak 
t empe ra tu re was Ac, , or r o u g h l y 720°C 
(1328°F) d e p e n d i n g o n the c o m p o s i ­
t i on of t he steel . This reg ion c lose ly 
resembles the s imi lar reg ion for the 
G leeb le bar, s h o w n in Fig. 4, except fo r 
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Hea t i n g + Co ol ing 
150 °C/hr. 
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Fig. 2—Dilatometer curve for rail steel H 

the slant in t he Ac , p lane caused by 
t he c o m p l e x g e o m e t r y o f t he rail sec­
t i o n . These b o u n d a r y p lanes are i d e n ­
t ical to the ou t s i de o u t l i n e of the 
hea t -a f fec ted z o n e o f a f us ion w e l d . 

A special j ig was des igned and bu i l t 
to d e t e r m i n e the hardness vs. p o s i t i o n 
data for t h e r m a l l y cyc led as w e l l as 
f l a sh -we lded bars—Fig. 5. The resul ts 
of hardness surveys o n th ree samples 

T H E R M A L C Y C L E C U R V E 

T m a x 

of steel EH, each t h e r m a l l y cyc led at a 
d i f fe ren t c o o l i n g rate, are s h o w n in 
Fig. 6. 

The hardness of t he base m e t a l , t he 
h ighest a n d lowes t hardnesses o f t he 
s imu la ted w e l d s , a n d t h e c o o l i n g rates 
for several V - N steels are g iven in 
Table 3. Since all t he hardness values 
are w i t h i n the accep tab le range o f 
30-40 Rc, a w e l d c o o l i n g rate o f a b o u t 
1 ° C / s (1.8°F/s) w o u l d g ive sat is factory 
w e l d hardnesses fo r these steels. 

A mac rog raph t o g e t h e r w i t h m i c r o -
st ructures f r o m var ious l oca t ions o f a 

Table 2—The Critical Temperatures 
a Number of V-N Steels 

Critical temperature"" 

for 

0 1 2 3 4 5 6 
T I M E , 

Fig. 3—Thermal cycle curve for rail steel H 

7 8 

M I N . 

10 11 

Rail 

G 
H 
I 
] 
K 
M 

Ac, a 

750 
755 
760 
745 
750 
755 

Ac,, y 

775 
770 
775 
770 
775 
780 

Ar3 7 

690 
680 
680 
680 
700 
700 

Ar, a 

680 
670 
670 
680 
675 
690 

a 'Heat and coo l ing r a t e - 1 5 0 ° C / h (302°F/h). 
""See Figs. 2 and 3—also note that the meaning of the 
notat ion is i l lustrated in Fig. 2. 
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B: 
Fig. 4—Thermally cycled sample (A) from Gleeble experiments and a Charpy bar machined 
from a flash welded rail (B). Nital etch. The flash-welded sample is a 1% Cr steel 

R c 

4 5 

4 0 

3 5 

3 0 

- i -

H A R D N E S S vs. D I S T A N C E 
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Fig. 6-Hardness vs. distance profiles for three different samples of steel H 

Gleeb le samp le are s h o w n in Fig. 7. 
The grain size has been great ly re f ined 
c lose to t h e Ac , b o u n d a r y p lane , 
whereas the grains are coarser c loser 
to t he cen te r l ine o f the s p e c i m e n . The 
m ic ros t ruc tu res appear to be c o m ­
p le te ly pear l i t i c , but t he i nd i v i dua l 
c e m e n t i t e plates c a n n o t be reso lved 
by op t i ca l m i c r o s c o p y because of the 
f ineness of the s t ruc tu re . 

C a r b o n ex t rac t ion repl icas w e r e tak ­
en of t he left sample in Fig. 4A to 
d e t e r m i n e if ba i n i t e a n d / o r mar tens i t e 
we re present . The u n i f o r m l y pear l i t i c 
s t ructures of the base meta l are s h o w n 
in Fig. 8. These m ic ros t ruc tu res are 
representa t ive o f the s t ruc tures f o u n d 
in reg ion I of Fig. 7. 

The m ic ros t ruc tu res near t he cen te r 
of the s imu la ted w e l d w e r e also m a i n -

Table 3—Cooling Rates and Resulting Hardness Values for a Number of V-N Experimental 
Steels 

Steel 
sample 

3G 
7G 
1C 
2C 
4G 

I H " " 

2H(.) 
3 H " 1 

11 
21 
31 
41 

u 
2) 
31 

1K 
2K 
3K 

1M 
2M 
5M 

Cooling 

rate 
dT/dt , 
°C/s 

.93 

.92 
1.21 
1.39 
1.35 

1.26 
1.23 
1.53 

1.31 
1.24 
1.53 
1.87 
1.33 
1.21 
0.892 

1.44 
1.86 
1.63 

2.0 
2.32 
2.57 

Base metal 

36 
33 
34 

34-35 
34-35 

36-37 
37 

36-37 

38 
37-38 
37-38 
36-37 
32-33 
33-34 
32-33 

36-37 
36-37 
35-36 

36-37 
36-37 
37-38 

Hardness, R, 

Simulated 

Hardest 

36 
40 

36-37 

38 
38 

40 
38.5 

39-40 
36-36.5 
36-37 

33 

36-36.5 

37 
38-39 

weld 

Softest 

30-31 
30-32 
32-34 

32-33 

33-34 
34 

33-34 

36-37 
34 

34-35 

31 

33-34 
34 
31 

34-35 
32-33 
34-35 

& 
' ' • ' ' • - ' . 

. « 
mm 

yAiMl 
4 I 

y 
\ 

"See Fig 6 for a graph of hardness vs. distance for these steels. 

Fig. 5—A jig for measuring hardnesses at 
fixed positions 

ly pear l i t i c (Fig. 9A) , bu t m i n o r 
a m o u n t s of ba in i te we re also pres­
ent—Fig. 9B. This ba in i te is cons i de red 
to be the cause of the smal l increase in 
hardness at the center of t h e G leeb le 
samples—Fig. 6. These m ic ros t ruc tu res 
are representa t ive of the s t ruc tures 
f o u n d in reg ion III in Fig. 7. 

The above results can be eva lua ted 
in several ways. H o w e v e r , fo r e lec t ro ­
flash w e l d i n g the t r a n s f o r m a t i o n p r o d ­
ucts and hardness as a f u n c t i o n of 
c o o l i n g rate are the i m p o r t a n t results. 
Ideal ly , w h e n w e l d i n g t w o rail sec­
t ions , t he ob jec t i ve is a s m o o t h c o n t i n ­
ua t ion of p roper t ies f r o m o n e sec t ion 
to the o ther . A qu i ck m e t h o d o f tes t ing 
fo r t he des i red u n i f o r m i t y is a hardness 
survey—Fig. 6. The p lo t o f hardness vs. 
d is tance shou ld be a s t ra ight l ine par-
el le i to the d is tance axis. This s h o u l d 
be a lmost a t ta inab le w i t h the cor rec t 
t he rma l cyc le . 

The results s h o w n in Fig. 6 are repre­
sentat ive of the results o b t a i n e d for 
V - N steels (also see Tab le 2). Since t h e 
u n i f o r m i t y of t he hardness surveys for 
t he V - N steels was g o o d , t he steels are 
cons ide red to have g o o d w e l d a b i l i t y 
at c o o l i n g rates of a b o u t 1 ° C / s 
(1.8°F/s) . 

An in te res t ing o u t c o m e of these 
exper imen ts is t he rea l i za t ion tha t t he 
G leeb le apparatus can be used to 
d e t e r m i n e the range of c o o l i n g rates in 
rail m a n u f a c t u r e w h i c h w i l l g ive satis­
fac tory rail p roper t ies . S imi la r ly , t he 
G leeb le apparatus can also be used to 
screen al loys in a l loy rail d e v e l o p m e n t 
p rograms for b o t h c o n v e n t i o n a l and 
enhanced c o o l i n g m e t h o d s of rail 
manu fac tu re . 

Determination of Flash Welding 
Parameters 

By c o n d u c t i n g G l e e b l e expe r imen ts 
s imi lar to those o u t l i n e d above , an 
app rop r i a te c o o l i n g rate fo r the f lash­
w e l d i n g o f rails can be d e t e r m i n e d . 
This c o o l i n g rate must be t rans la ted 
i n t o f l a s h w e l d i n g parameters in o rder 
to p r o d u c e accep tab le f lashwelds . 
Fletcher3 has also s imu la ted f l a s h w e l d ­
ing us ing a G l e e b l e appara tus . H o w e v ­
er, s ince f e w deta i ls o f his w o r k are 
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1.4x 

Fig. 7-Macrograph 1X1.40) and corresponding micrographs (X1000 and X500) from a Gleeble sample 

VAA. 

• it »*' 1 i • ,ti 
**.,-a v h ' , n 

fig. 8-Uniformly pearlite structure of base 
metal carbon extraction replicas. X11,200 
(reduced 41% on reproduction) 

available, no comparison with the 
present work is possible. 

In order to determine opt imum 
flashwelding parameters for a particu­
lar alloy, trial flashwelds have to be 
made. Since recording of temperatures 
during electroflash welding is not 
practical at present, the flashwelding 
parameters must be measured and cor­
related with the resultant weld hard­
ness profile and microstructure. A 
schematic example of flashwelding 
parameters, i.e., the current during 
preheat, flashing and postheat as well 
as the movement of the platen, is 
given in Fig. 10. 

Samples of the same rail steel should 
then be tested at various cooling rates 
in the Gleeble apparatus in order to 
determine through similarities in 
structure and hardness the cooling rate 
of the flashweld. By subsequent suit­
able changes in the flashwelding 
parameters, particularly the postheat 
cycles, the desired weld cooling rate 
and structure can be obtained. 

The above technique has been 
applied to the flashwelding of Cr-Mo 

;-.. '.•• 

im 

* * • - t T V ' V I ' I S 1 ' - v - * - J ^ - - -~*V •-_ 

^£t?«fr c \ ; . - - £•; 
^*i0£?„ . | | \- '. . . ™ 

,(g) ^2/.^y'^:---')^\^A 
Fig. 9—Microstructures near center of simu­
lated weld: A—pearlitic structure near cen­
ter line of simulated weld; B—regions of 
bainite carbon extraction replicas. X11,200 
(reduced 41% on reproduction) 
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Fig. 10—Schematic for a typical electroflash cycle for an actual weld made on the basis of a preliminary weldability 
study 

alloy rail. Gleeble experiments on this 
rail showed that at cooling rates up to 
0.8°C/s (1.4°F/s), no bainite or mar­
tensite was formed in simulated welds. 
Three samples of flashwelded rail, 
were obtained together with their 
flashwelding parameters, were exam­
ined for microstructure and hardness. 

On the basis of comparisons be­
tween the simulated weld properties 
and cooling rate and the flashweld 
properties and flashwelding parame­
ters, recommendations were made to 
the supplier on changes to be made to 
the flashwelding parameters for Cr-Mo 
rail. These recommendations proved 
to be of assistance in determining a 
suitable flashwelding cycle for the 
welding of Cr-Mo rails. 

Conc lus ions 

1. A procedure has been developed 
using the Gleeble thermal cycle simu­

lator that determines both the weld­
ability of rail steels and the acceptable 
range of weld cooling rates. 

2. A series of experimental V-N rail 
steels has been shown to have good 
weldability using the above proce­
dure. 

3. A comparison procedure using 
simulated welds and actual flashwelds 
has been developed and reduces the 
number of flashwelding trials required 
to determine flashwelding parameters 
for a given rail steel. This procedure 
has been of assistance in determining 
the flashwelding parameters for a Cr-
Mo rail. 

4. The Gleeble thermal cycle simu­
lator can be used to determine the 
range of cooling rates for the manufac­
ture of rail from any given alloy. 

5. The Gleeble apparatus can be 
used to screen alloys for both conven­
tional and enhanced cooling methods 
of rail manufacture. 

6. Although cooling rates are the 

critical parameter in the present study, 
in practice they are not used because 
of lack of cooling rate data derived 
from the EFW. Therefore the EFW and 
simulated welds are compared wi th 
respect to hardness and microstruc­
tures. 
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Call for Papers 

"ADVANCES IN HARDFACING TECHNOLOGY" 

The WRC High Alloy Subcommittee on Hardfacing and Wear is organizing an Engineering Foundation 
Conference entitled "Advances in Hardfacing Technology" to be held on July 18-23 in Henniker, New 
Hampshire. Persons interested in presenting a technical paper describing a recent development in hardfacing 
technology are invited to submit a brief abstract to either Conference Co-Chairmen: 

S. J. Matthews 
Cabot Corporation 
1020 Park Avenue 
Kokomo, IN 46901 

or 

P. A. Kammer 
Eutectic Corporation 
40-40 172 Street 
Flushing, NY 11358 

The Conference will be aimed at several aspects of hardfacing, including new alloy development, material 
property and wear characterization, advances in hardfacing process mechanization, new hardfacing 
applications, and economics. 
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