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ABSTRACT
Angular distortion is a major problem and most pronounced amongst different types of distortion in the butt welded 
plates. It is difficult to obtain a completely analytical solution to the problem of anguiar distortion which may be 
reliable over a wide range of processes, materials and procedural variables. In this study, the statistical method 
of 2 level full factorial technique has been used to aevelop models which correlate angular distortion with Pulse 
MIG process variables and joint parameters.

IN T R O D U C T IO N

A lthough fus ion  w e ld ing  p ro ­
cesses are extensively used in 
industries for fabrication, a num­
ber of disadvantages are associ­
ated with them. One of the major 
problems associa ted with any 
fusion welding process is the 
distortion of the workpiece pro­
duced due to the development of 
residual stresses in the weldment 
as a consequence of localised 
non-uniform heating and cooling 
of the joint area. The magnitude 
of distortion, or even whether it 
will take place or not, will depend 
upon the following factors (1) ;

1. The magnitude of the welding 
stresses developed

2. The nature of distribution of 
these s tresses in the 
weldment

3. The strength of the members 
upon which these stresses 
act

Also, the level of distortion de­

pends on a number of factors 
such as :

1. P ro ce ss  p a ra m e te rs  (2 -5 ) - 

welding process used, weld­
ing current, arc voltage, heat 
input, welding speed, size of 
electrodes, etc.

2. M ate ria l p ro p e rtie s  - compo­
s ition  of the  parts to be 
joined, thermal and physical 
properties of the materials to 
be joined (4,6), as well as 
electrodes and fluxes used 
for the purpose.

3. W e ld in g  p ro c e d u re  - jo in t 
configuration like root gap
(7,8), number of passes (5,9), 
sequence of welding (10,11) 
and nature of restraints (12), 
cross-section area of fhe joinf 
groove (3,13). etc.

The magnitude of the problem 
increases with the complexity of 
the structure to be fabricated.

Angular d is to rtion  is a m ajor

problem and most pronounced of 
the different types of distortion in 
the butt welded plates. Angular 
distortion occurs in a butt weld 
when transverse shrinkage is not 
uniform throughout the thickness 
of the plate, which is mostly the 
case when medium thick plates 
are welded from one side using 
multipass welding.

It is d ifficu lt to obtain a  com ­
pletely analytical solution to the 
prob lem  of angula r d is to rtion  
which may be reliable over a 
wide range of processes, mate­
rials and procedural variables. 
The most common approach for 
s tudy ing  angu la r d is to rtion  is 
em pirical, or a combination of 
empirical and analytical methods 
(3,5).

P L A N  O F  IN V E S T IG A T IO N

To study the effect of welding 
variables on the angular distor­
tio n , the  in ve s tig a tio n s  were 
planned to be carried out in the 
following steps;
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i. Identification of the indepen­
dent welding and joint design 
variables affecting the angu­
lar distortion

ii. Determining the useful limits 
of these variables

iii. Development of the design 
matrix to conduct the experi­
ments in a systematic fashion

iv. Conducting the experiments 
as per the design matrix

V. Development of mathemati­
cal models based on regres­
sion

vi. Evaluating the coeffic ients 
and checking the adequacy 
of the models

vii. Analysis of results and con­
clusions

To study the effects of shielding 
gases on angular distortion, the 
experiments were carried out in  

tw o  p h a s e s  depending on the 
shielding gases used.

A . W ith  In d u s tr ia lly  P u re  
A rg o n  a s  S h ie ld in g  G a s

Id en tify ing  the P rocess Variables

The pulse current parameters are 
shown in Fig .1  for identification. 
It was found that process param­
eters like peak current (l^), mean 
current (l^), welding speed (W) 
and butt joint angle (A) had pro­
found effect on bead geometry 
and angular distortion. It was, 
therefore, decided to use these 
four process parameters to deter­
mine the ir effects on angular 
distortion of butt joints. Welding 
quality Argon was selected for 
use as the sh ie ld ing  gas. 
Microalloyed steels of 10 mm and 
16 mm th icknesses were se ­
lected for use in the investigation 
as these thicknesses are exten­
sively employed in the fabrication 
industries.

S e lection  o f the U se fu l L im its  

o f P rocess Variables

The useful limits of the four pro­
cess variables were determined 
by conducting a large number of

ip * Tp -t- lb * Tb
im =

TIME(ms)

Fig. 1 ; Pulse Current Parameters

pre lim inary  experim ents. The 
qua lify ing  crite ria  for welding 
parameters were based on the 
following factors:

i. Stable arc with spray mode of 
metal transfer

ii. Spatter-free welding

iii. Defect-free welds based on 
visual inspection

iv. Maximum filler wire feed rate 
possible w ithout disturbing 
any of the above conditions

Based on these considerations 
the limits of different variables 
were arrived at

D eve lop in g  the D esign  M atrix

It was decided to employ statis­
tical techniques, not only from the 
econom ic v iew point, but also 
because it was possible to airive 
at an equation which would cor­
relate pulse and other parameters 
of pulse MIG welding process to 
angu la r d is to rtio n  of V -butt 
welded plates.

It is reported by Arya and Parmar
(14) that no curvature effects 
have been statistically significant, 
over the ranges of various factors 
studied, affecting angular distor­
tion in V-butt welded piates. So 
it was decided to use two-level 
full factorial designs to study the 
effects of various factors on the 
angular distortion.

For simplifying the recording of 
the conditions of the experiments 
and the subsequent analysis, the 
two levels i.e. the upper level and 
lower level of the factors were
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T A B L E  I - T h e  D e s ig n  F a c to rs , th e ir  S y m b o ls  a n d V a lu e s

FACTOR SYM BO L

(+1)

LEVELS

(-1)

M ean  C urren t (am p) 2 0 0 160

P eak  C urren t Ip (am p) 3 5 0 3 0 0

W eld ing  S p eed W  (cm /m in) 3 5 2 0

Joint A ngle A  (d eg ree ) 90 45

g iven be low  ;

X  =
2 * (X -X  )' max'

+ 1
X  - Xmax a

w here

X^ =  th e  c o d e d  v a lu e  of th e  

factor

=  rnaxim um  (natura l) va lu e  

of th e  factor

X^.„ =  M in im u m  (n a tu ra l) v a lu e  

of the factor.

T h e  fa c to rs , th e ir  le v e ls  a n d  

actua l v a lu e s  to g e th e r w ith the  

p u lse  and  p ro c e s s  p a ra m e te rs

are  tab u la ted  in T a b le s  I and II. 

T h e  design  m atrix in coded form  

is g iven  in T a b le  III and is based  

on th e  m ethod by D avis (15 ).

Experimental Procedure

S p ec im en s  of s ize  2 5 0  m m  x 150  

m m  w ere  m ach ined  from  H S LA  

(T IS T E N  6 0  supplied by T IS C O , 

In d ia )  s te e l p la te s . T h e  jo in t  

specifications used a re  g iven in 

F ig . 2. In order to m aintain  a  root 

g ap  b e tw een  1 to 1.2 m m , two  

ta c k  w e ld s , o n e  a t e a c h  e n d , 

w e re  m ad e  a fter p lacing a  neatly  

cut 1 m m  th ick sh eet in b etw een  

the p lates. T h e  thin sh eet w as  im ­

m e d ia te ly  re m o v e d  a fte r  ta c k  

w e ld in g . A  fla t a s b e s to s  s h e e t  

w a s  p la c e d  o v e r  th e  ta b le  of 

w eld ing  m anipu lator. T h e  p lates  

to be w e ld ed  w ere  p laced  o ver 

th e  asb esto s  s h ee t to  avoid  any  

burn through and d a m a g e  to the  

m an ip u la to r tab le . T ab -in  and  tab - 

out w e re  used  for e ach  run. N P D  

(n o z z le  to  p la te  d is ta n c e ) w as  

kept fixed  a t 2 7  m m  for all cases , 

to  ta k e  th e  a d v a n ta g e  o f h igh  

fe e d  ra te  of filler w ire.

F or studying th e  effect of th ick­

n e s s  o f  th e  p la te s  on  a n g u la r  

d is to rtio n , tw o  s e ts  of e x p e r i­

m ents w ere  carried  out on p lates

T A B L E  II - P u ls e  a n d P ro c e s s P a ra m e te rs  u s e d fo r  W e ld in g

SI.
No.

'p L Tp Ip Tp W ire Feed  
Rate

am p am p m sec am ps m sec m/min

1 3 5 0 2 0 0 4 .9 5 6 5.1 7 .2

2 3 5 0 160 5 .3 2 0 7 .2 6 .0

3 3 0 0 2 0 0 5 .9 5 6 4.1 6 .6

4 3 0 0 160 6 .3 18 6 .2 5 .7
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TABLE III • Design Matrix

SI. No. •p 1m w A

1 1 1 1 1
2 -1 1 1 1
3 1 -1 1 1
4 -1 -1 1 1
5 1 1 -1 1
6 -1 1 -1 1
7 1 -1 -1 1
8 -1 -1 -1 1
9 1 1 1 -1
10 -1 1 1 -1
11 1 -1 1 -1
12 -1 ■1 1 -1
13 1 1 -1 -1
14. -1 1 -1 -1
15 1 -1 -1 -1
16 -1 -1 -1 -1

of tw o  d ifferen t th icknesses i.e. 

10  m m  and  16 m m .

T h e  joints w ere  w elded  according  

to  th e  d e s ig n  m a trix  but in a 

random  fashion, to e lim inate the 

p o s s ib ility  o f s y s te m a tic  e rro r  

c re e p in g  in th e  resu lt. F or all 

cases  of Argon shielding root run 

w as laid with low est possible heat 

input. T h e  root run w as laid using 

highest w eld ing sp eed  i.e . 35  cm / 

min, to  m in im ise heat input. T h e  

pulse and  process specifications  

of root run are  g iven a t SI. No. 

4 of Table II. S ealing  runs w ere  

laid for 16  m m  thick p lates only. 

T h e  d is to r t io n  o f th e  w e ld e d  

plates w ere  m easu red  before and  

after th e  sealing  runs using V e r­

n ie r H e ig h t G a u g e . T h e  set-up  

used for m e asu rem en t of d istor­

tion is show n in Fig. 3.

Fig. 3 : Arrangement for Measurement of Angular Distortion
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Development of Mathematical 
Models

T h e  polynom ial chosen  for rep re ­

senting the relationship  b e tw een  

angu lar distortion and  the factors, 

is g iven below  :

A N G U L A R  D IS T O R T IO N  (D eg ) =

+ B,lp + -(■ B3W + B,A +
BA *L + BJ *W  + BJ *A  + BA *W5 p m  6 p  7 p  8 r n

+ BJ *A  -h B ,„W *A  -H B, ,1 *1 *W  +9 m  10 1 1 p m

B ,J  *W *A  +  B ,J  *1 *A  + B, 1̂
12 p 1 3 p m  1 4 m

*W *A  +  B ,J  *1 *W *A
15 p m

w h ere  B ’s re p re s e n t th e  co e ffi­

cients of the  m odel.

Evaluating the coefficients and 
checking the adequacy of the 
models.

T h e  m easu red  va lu es  of an gu lar

distortion a re  g iven in Table IV. 
S ince each  trial had  a  different 

w eld  m eta l d ep o s itio n  ra te  per 

unit length, the n um ber of runs 

req u ired  to c o m p le te  th e  jo ints  

w a s  not th e  s a m e . N u m b e r of 

runs used for d ifferent trea tm en t 

com binations are  listed in Table
IV. T h e s e  m easu red  angu lar d is ­

tortion values w ere  used to ca l­

c u la te  th e  c o e ff ic ie n ts  of th e  

m odels, and the  ad eq u acy  of the  

m odels w as checked  by ca lcu la t­

ing the F -ratio  as p er A d ler (1 6 ). 

As th e  a b o v e  d es ig n  could  not 

give an  in d ep end en t es tim ate  of 

th e  error, in the a b s e n c e  of rep ­

licates, it w as  assu m ed  that 3rd  

a n d  h ig h e r  o rd e r  in te ra c t io n s  

w ere  not s ignificant. T h e s e  in ter­

actions w ere  su m m ed  up to g ive

the error of the  experim ents (16 ) 

with five  d eg rees  of freedom . T h e  

s ig n if ic a n c e  of e a c h  te rm  w as  

ch ecked  by carrying out s tudents’ 

t-test. F inal m odels containing the  

sign ificant term s only a re  g iven  

below  ;

a . T h ic k  P la te s  B e fo re  S ea lin g

Run

A ng u lar D istortion (d eg ree ) = 

6 .1 3 2 5 2  -(■ 0 .4 2 4 7 * l„  -t-

0 .7 4 0 7 * W  1 .2 5 2 4 * A  -t-

0 .4 5 6 8 *W *A

b. T h ic k  P la te s  A fte r  S e a lin g  

R un

A n g u lar D istortion (d eg ree ) =  

5 .5 1 9 3 7  + 0.193*1 -h 0.388*1

+  0 .8 0 9 4 * W

0 .4 5 5 6 *W *A

1 .2 9 8 * A  +

TABLE IV -  Observed Angular Distortion (degree) and number of Welding passes
used to fill up the joints

Design Matrix 
Number

Angular Distortion (degree) No. of Passes

16 mm Plates 16 mm Plates 10 mm Plates 16 mm Plates 10 mm Plates
(before sealing run) (after sealing run)

1 9 .3 8 .7 7.711 13 5

2 8 .5 9 8.1 7 .5 1 9 13 5

3 8 .0 9 7 .6 5 7 .2 3 13 5
4 7 .8 8 8 .3 5 6 .6 6 13 5
5 7 .2 9 6 .4 5 5 .3 5 6 3
6 6 .5 4 5 .7 4 4 .2 0 6 3
7 5 .6 2 5 .1 5 4 .1 2 8 6 3
8 5 .3 4 .8 7 3 .7 7 3

9 5 .9 6 5 .5 5 .9 3 6 3

10 5 .2 4 4 .5 7 5 .6 6 3

11 4 .8 3 6 4 .3 3 5 .2 6 3
12 4 .6 2 3 .9 5 .6 4 3 6 4
13 4 .9 2 4 .4 5 4 .8 5 3 3
14 4 .6 1 8 3 .7 5 3 .5 7 3 3
15 4.22 3 .4 7 2.91 3 3
16 4 .6 2 7 3 .8 3 .5 3 3 3
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c. Thin Plates

Angular Distortion (degree) = 
5.233 + 0.358*1 + 1.203*Wm
+ 0.579*A + 0.2643*W*A

B. With Ar-COj Mixture as 
Shielding Gas

To study the effect of shielding 
gas and welding sequence on the 
extent of angular distortion, quite 
a few joints were produced by 
varying W, A, th ickness of 
plates and shielding gas compo­
sition. The welding conditions 
along with measured values of 
angular distortion are given in 
Table V. For all the joints con­
sidered, the pulse parameters 
and process variables for the root 
run are given in SI. No. 12 of 
Table V. The joint specifications 
and w e ld ing  p rocedure  were 
same as g iven above under 
Phase A except when specifically 
mentioned.

oUJo
z
o
OC
oI-w
5
c<_i
z>
o
z<

.1.5 .0.5 Q 
W (LEVEL)

0.5 1.5

Fig. 4 : Effect of Welding Speed on Angular Distortion

TABLE V -  Welding Parameters and Distortion Values for process 
using Ar-CO^ Shielding Gas

SI.
No.

W

amp amp msec amp mseccm/min

A Wire feed Shielding Thickness Passes Measured values 
rate Gas root+no. of distortion

of passes
degree m/min mm degree

1 300 200 4 100 4 20 45 7.1 Ar-i-5%C02 10 2 3.48
2 350 200 3 77 3.7 20 45 7.7 Ar-t-5%C02 10 2 3.7
3 300 200 5.5 78 4.5 20 45 7.6 Ar-r5%CO^ 10 2 3.53
4 350 200 4 100 6 20 45 7.6 Ar+5%C02 10 2 3.43
5 350 200 4 50 4 20 45 8.2 Ar-i-5%C02 10 2 3.64
6 300 200 5.5 78 4.5 20 45 7.6 Ar-(-15%CO^ 10 2 3.58
7 300 200 5.5 78 4.5 20 45 7.6 Ar-i-25%CO^ 10 2 3.68
8 300 200 5.5 78 4.5 35 45 7.6 Ar-H5%C02 16 4 3.65
9 350 200 4 50 4 35 45 8.2 Ar+5%C02 16 4 3.69
10 300 200 5.5 78 4.5 35 45 7.6 Ar-t-157oC02 16 4 3.78
11 300 200 5.5 78 4.5 35 45 7.6 Ar+257oC03 16 4 3.75
(Root run)
12 300 160 4 31 4.3 5,7
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ANALYSIS OF RESULTS

Analysis of results for 10 mm and 
16 mm thick plates with indus­
trially pure Argon as shielding
gas is as follows ;

10 mm Thick Plates 

For easy in terpretation of the 
effects of various pulse and pro­
cess parameters, a number of 
graphs have been drawn based 
on the models developed above.

Fig. 4 shows the interaction ef­
fect of welding speed (W), joint 
angle (A) and 1̂  on angular dis­
tortion. Irrespective of the levels 
of 1̂  and joint angle, distortion 
increased with welding speed. 
Theoretically, angular distortion 
should decrease  as w e ld ing

speed increases, as the heat 
input per unit length of the joint 
decreases. But as welding speed 
increases, num ber of passes 
required to fill up the joint also 
increases. So total heat input per 
unit length of the joint increases, 
hence angular distortion also in­
creases. As joint angle increased, 
more weld metal was used to fill 
up the joint, hence more distor­
tion was observed.

It may also be observed that as 
1̂  (mean current) increased, the 
angular distortion also increased. 
This can be explained on the 
basis that as current increases, 
heat input also increases and 
hence that results in increase in 
angular distortion.

16 mm Thick Plates 

Figs. 5 and 6 show the interac­
tion effect between 1̂ , welding 
speed and groove angle on one 
hand and angular distortion on 
the other for welding of 16 mm 
thick plates. The influences of 1̂ , 
W and A on angular distortion are 
similar to those for 10 mm thick 
plates: however, the magnitude of 
angular distortion is higher for 16 
mm thick plates when all other 
operating variables are same. 
Th is is due to the increased 
amount of filler metal required to 
fill up the joints in 16 mm thick 
plates as compared to joints in 10 
mm thick plates. Comparing Fig. 
5 with Fig. 6 it is observed that 
the angular d istortion had de­
creased slightly with the sealing 
run.

As sealing run was, obviously, 
laid opposite to the joint face, the 
plates bent in the opposite direc­
tion as the weld metal cooled, 
leading to reduction of distortion. 
The m agnitude of the angular 
distortion for all the cases studied 
was quite high. It can be seen 
that within each group, based on 
same thickness and joint angle, 
no s ign ificant variation on the 
angular distortion has taken place 
due to change in 1̂ and pulse 
frequency levels.

Fig. 5 : Effect of Welding Speed on Angular Distortion

FACTORS LEVELS 

(+1) (-1)

Ip (Amps) 350 300

Im (Amps) 200 160

W (Cm/mn) 35 20

A (deg) 90 45
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Fig. 6  : Effect of Welding Speed on Angular Distortion after Sealing Run

With Ar-COj Mixture as 
Shielding Gas

The main factor affecting angular 
distortion is the number of passes 
used for filling up the joint. No 
direct effect of different shielding 
gases was observed on angular 
distortion. But as the shielding 
gas composition was changed 
from industrially pure Argon to a 
mixture of Ar-CO^, the filler wire 
feed rate increased substantially 
due to better metal transfer char­
acteristics. For the cases re­
ported at SI. No. 1, 3, 6 & 7 of 
Table V, the average value of 
distortion is 3.57; compared to 
this, for the case reported at SI. 
No. 14 of Table IV, the value of 
distortion is also 3.57. The num­
ber of passes used in all these

cases was same. The average 
value of angular distortion for the 
cases reported at SI. No. 8, 10 
& 11 of Table V is 3.73; whereas 
the value of angular distortion is 
4.618 for the case reported at SI. 
No. 14 of Table IV. It may be 
observed that the difference in 
the value of angular distortion for 
the case reported at SI. No. 9 of 
Table V & SI. No. 13 of Table 
IV is 1.23 degree. This difference 
in the value of angular distortion 
is due to change in the number 
of passes. The average reduction 
in the value of angular distortion 
is 1.054 degree with a reduction 
of one pass. This reduction in the 
number of passes was possible 
because Ar-CO^ gases supported 
a higher wire feed rate than in­

FACTORS LEVELS 

(+1) (-1)

Ip (Amps) 350 300

Im (Amps) 200 160

W (Cm/mn) 35 20

A (deg) 90 45

dustrially pure Argon gas without
adversely affecting the mode of
metal transfer.

CONCLUSIONS

1. Minimum angular distortion 
was ach ieved  when both 
welding current and welding 
speed were kept at minimum.

2. With the change of shielding 
gas composition from indus­
trially pure Argon to Ar-CO^ 
m ixture  angu la r d is to rtion  
decreased for 16 mm thick 
plates.

3. The average reduction in the 
value of angular distortion is 
1.054 degree with a reduction 
of one pass.

4. The mathematical models de­
ve loped  may be used to 
con tro l d is to rtio n  for the 
range of welding variables 
used.
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f\ EDITOR.________________
Dear Readers,

We invite you to send articles on Welding and Allied Technology for publication 
in the forthcoming issues of the Indian Welding Journal, as per guidelines given 
below.

Your article should be neatly typed on Electronic Typewriter in double spacing 
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Graphs are to be neatly drawn on tracing paper with 25 mm margin on all 
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