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Techn iques For Examining 
T r a n s f o r m a t i o n Behaviour in W e l d M e t a l 
A n d H A Z . A S T A T E O F T H E A R T R E V I E W 

- By O.M. Akselsen, T. Sim onsen (Norway) 

I n t r o d u c t i o n 

T r a n s f o r m a t i o n behav iour in m e t a l s and 
a l loys has been a sub jec t fo r research f o r many 
decades. As p rob lems connec ted to w e l d i n g 
of s tee ls became m o r e obv ious (co ld c r a c k i n g 
and b r i t t l e f r a c t u r e ) , research p r o g r a m m e s 
were i n i t i a t e d to s tudy the h a r d e n a b i l i t y and 
t r a n s f o r m a t i o n behav iour of bo th t he h'eat 
a f f e c t e d zone ( H A Z ) and the we ld m e t a l . 

The phase t r a n s f o r m a t i o n t h a t occu rs dur ing 
the w e l d i n g process is o f m a j o r i m p o r t a n c e 
in d e t e r m i n i n g the m e t a l l u r g i c a l (and m e c h a n i c a l ) 
p rope r t i es of bo th the we ld m e t a l and the 
heat a f f e c t e d zone in a we lded j o i n t . Techn iques 
emp loyed f o r e x a m i n i n g t r a n s f o r m a t i o n beha-
v iour in we ldab le s tee ls have been deve loped 
and i m p r o v e d t h r o u g h o u t the years , and the 
a im of the present r ev i ew is to s u m m a r i z e 
r e c e n t pub l i ca t i ons in th i s f i e l d . 

1 . P h a s e t r a n s f o r m a t i o n i n H A Z a r id w e l d m e t a l 

D u r i n g the las t years e f f o r t s have been 
made to p roduce a q u a n t i t a t i v e d e s c r i p t i o n 
of w e l d m e t a l m i c r o s t r u c t u r e s [1 -4 ] . No s i m i l a r 
w o r k has been done f o r the hea t a f f e c t e d zone. 

In genera l , at very rap id coo l ing ra tes 
( low hea t i npu t ) , a mass ive t r a n s f o r m a t i o n occurs , 
resu l t i ng in m a r t e n s i t e ; the degree of a u t o t e m -
per ing depends on the M s - t e m p e r a t u r e . A t 
s lower coo l i ng ra tes (med ium heat inpu t ) f e r r i t i c 
componen ts , w h i c h are i d e n t i f i e d e i t h e r as 
ac i cu la r f e r r i t e ( A F ) or s idep la te s t r u c t u r e s 
( A C ) , * o c c u r . The l a t t e r c o n s t i t u e n t consists 
o f p a r a l l e l f e r r i t e s idep la tes w i t h e i t h e r a l igned 
o r , n o n - a l i g n e d m a r t e n s i t e - a u s t e n i t e - c a r b i d e s . 
A f u r t h e r drop in coo l i ng r a t e resu l ts in p a r a l l e l 
p la tes separa ted by p e a r l i t e or p e a r l i t i c ca rb ides , 
o f t e n t e r m e d W i d m a n s t a t t e n f e r r i t e (WF) . In 
some cases a d i s t i n c t i o n is made b e t w e e n the 
coarser m i c r o s t r u c t u r e s , f o r ins tance coarse 
ac i cu la r f e r r i t e ( C A F ) or l a t h f e r r i t e ( LF ) [5 ] . 
A t the s lowest coo l i ng r a t e (h igh hea t i npu t ) , 

* The index AC is a mat te r for some controversy : the fer r i te 

sideplate structures have also been abbreviated FSP [4,5] . 

the aus ten i t e decomposes to p r o e u t e c t o i d f e r r i t e 
(po lygona l or equ iaxed f e r r i t e (F) and f e r r i t e -
ca rb ide aggrega tes (FC) . 

D u r i n g phase t r a n s f o r m a t i o n of the fee 
to the bcc l a t t i c e , the f ree energy is reduced . 
The en tha lpy d i f f e r e n c e l i b e r a t e d as hea t , 
A H trans, resu l t s in a s lower coo l i ng r a t e th rough 
the t r a n s f o r m a t i o n range . This is the basic p r i n -
c ip le f o r the t h e r m a l analys is m e t h o d .employed 
in es tab l i sh ing C C T - d i a g r a m s . 

The change f r o m fee t o bcc c r y s t a l l a t t i c e 
and v i ce versa invo lves a r e a r r a n g e m e n t of 
a toms w h i c h resu l t s in l a t t i c e p a r a m e t e r changes. 
The vo lume expansion or c o n t r a c t i o n is r eco rded 
by d i l a t o m e t r i c m e t h o d s . 

Doc . I IS / I IW-894-86 (ex doc. IX -1451 -86 ) p repared 
on beha l f of C o m m i s s i o n IX "Behav iou r o f 
m e t a l s sub jec ted to w e l d i n g " o f the I IW, bu t 
not c o m m i t t i n g the IIW as a who le . Messrs. 
Akselsen and Simonsen are m e m b e r s of the 
N o r w e g i a n de lega t i on to the I IW. 

2. M e t h o d s f o r e x a m i n i n g p h a s e t r a n s f o r m a t i o n 

Numerous l a b o r a t o r y techn iques have been 
deve loped to s tudy phase t r a n s f o r m a t i o n . A l -
though the Ac i and A c3 t e m p e r a t u r e s are of i n -
t e r e s t , the present d iscussion is on ly concerned 
w i t h phase t r a n s f o r m a t i o n du r i ng the coo l i ng 
s tage. The d e c o m p o s i t i o n of aus ten i t e is r eco rded 
e i t he r by t h e r m a l analys is [ 6 -10 ] , d i l a t o m e t r y 
[6 ,7 ,11 ,12 ] or . m a g n e t i c ana lys is [13] . H o w e v e r , 
the l a t t e r m e t h o d seems to be of l i m i t e d use 
and w i l l no t be cons idered in th is r e v i e w . F u r t h e r -
m o r e , on ly t h e r m a l analys is and d i l a t o m e t r y 
techn iques have been app l ied to in s i t u s tud ies . 
The f o l l o w i n g discussion is thus d i v i ded i n to 
t w o sec t ions , the we ld t h e r m a l s i m u l a t i o n ( "ana-
l y t i c a l " me thods ) and the a c t u a l we ld i ng s i t ua -
t i o n ( d i r e c t or in s i tu me thods ) . 

2.1 Weld t h e r m a l s i m u l a t i o n : 

The w e l d t h e r m a l s i m u l a t i o n techn ique 
f o r r e p r o d u c i n g H A Z m i c r o s t r u c t u r e s , f i r s t 
deve loped by Nippes and Savage [14 ] , has been 
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a c c e p t e d as a c o n v e n i e n t m e t h o d o f e x a m i n i n g 
t h e p r o p e r t i e s o f H A Z r e g i o n s us ing s m a l l - s c a l e 
l a b o r a t o r y t e s t s p e c i m e n s . T h e t h e r m a l c y c l e s 
a r e s i m i l a r t o t h o s e e x p e r i e n c e d by a p a r t i c u l a r 
p o i n t i n a r e a l H A Z d u r i n g w e l d i n g . T h e s p e c i -
m e n s a r e r e s i s t a n c e o r i n d u c t i o n h e a t e d , and 
t h e d i m e n s i o n s a r e u s u a l l y r e s t r i c t e d t o 11 X 11 
m m c ross s e c t i o n . C h r o m e l - a l u m e l t h e r m o c o u p l e s 
a r e s p o t w e l d e d a t t h e s p e c i m e n s u r f a c e a t 
m i d - l e n g t h , s p a c e d a t a s e p a r a t e d i s t a n c e o f 
a b o u t 3 t o 5 m m b e t w e e n t h e t w o w i r e s a l o n g 
t h e t r a n s v e r s e d i r e c t i o n . W i t h t h i s t y p e o f 
t h e r m o c o u p l e t h e peak t e m p e r a t u r e is r e s t r i c -
t e d t o an u p p e r l e v e l o f 1 3 9 0 ° C . If h i g h e r peak 
t e m p e r a t u r e s a r e d e s i r a b l e , t h e p l a t i n u m - p l a t i n u m / 
r h o d i u m t y p e s h o u l d be a p p l i e d . T h e l a t e r a l 
e x p a n s i o n o r c o n t r a c t i o n a c r o s s t h e s p e c i m e n 
a t m i d - l e n g t h is v e r y o f t e n c o n t i n u o u s l y r e c o r d e d 
d u r i n g t h e w e l d t h e r m a l s i m u l a t i o n c y c l e . 
A n e x a m p l e o f t h e t e m p e r a t u r e - t i m e c y c l e 
is g i v e n b e l o w w i t h t h e c o r r e s p o n d i n g d i l a t a t i o n 
c u r v e ( F i g . 1). 

T h e e x a m p l e i n F i g . 1 i l l u s t r a t e t w o t r a n s -
f o r m a t i o n p o i n t s , t h e s t a r t and end o f t r a n s -
f o r m a t i o n . U s i n g t h e d i l a t o m e t r y t e c h n i q u e , 
i t s h o u l d be p o s s i b l e t o r e s o l v e t h e m a r t e n s i t e , 
b a i n i t e a n d f e r r i t e t r a n s f o r m a t i o n , w i t h t h e 
r e s t r i c t i o n t h a t a c e r t a i n a m o u n t o f t h e d i f f e -
r e n t m i c r o s t r u c t u r a l c o m p o n e n t s is r e q u i r e d 
f o r r e c o r d i n g . 

T h e t h e r m a l a n a l y s i s m e t h o d has b e e n 
s u c c e s s f u l l y used f o r e x a m i n i n g t h e t r a n s f o r -
m a t i o n b e h a v i o u r . T h i s m e t h o d has b e e n d i v i d e d 
i n t o s e v e r a l g r o u p s a c c o r d i n g t o t h e p r o c e s s i n g 
o f t h e s i g n a l . T e m p e r a t u r e - t i m e , d i r e c t r a t e , 
d i f f e r e n t i a l and d e r i v e d l o g a r i t h m i c d e r i v a t i o n 
m e t h o d s h a v e b e e n a p p l i e d [ 7 , 1 5 , 1 6 ] . A n e x a m p l e 
o f e m p l o y i n g t h e s i m u l a t i o n t e c h n i q u e us ing 
a s m a l l t u b u l a r s p e c i m e n i n d u c t i o n h e a t e d in 
an i n e r t gas a t m o s p h e r e is i l l u s t r a t e d in F i g . 2 . 
The h e a t i n g r a t e f r o m r o o m t e m p e r a t u r e up t o 
1 3 5 0 ° C is i n t h e r a n g e o f 3 t o 7 sec and t h e 
d e s i r e d c o o l i n g p r o g r a m m e s a r e o b t a i n e d by 
g a s - c o o l i n g . 

T e m p e r a t u r e - t i m e m e t h o d : The d e c o m p o s i t i o n 
o f a u s t e n i t e i n v o l v e s h e a t l i b e r a t i o n , w h i c h 
r e s u l t s i n a r e d u c t i o n o f t h e c o o l i n g r a t e . T h e 
t e m p e r a t u r e a t w h i c h t h i s d e l a y e d c o o l i n g o c c u r s 
is c o n s i d e r e d as t h e s t a r t o f t r a n s f o r m a t i o n ( T s ) . 
A f t e r t h e e n d o f t r a n s f o r m a t i o n ( T f ) , t h e t e m p e -
r a t u r e - t i m e c u r v e a p p r o a c h e s i t s n o r m a l c u r v a -
t u r e , n o w w i t h a d i s p l a c e m e n t A t a l o n g t h e 
t i m e a x i s ( F i g . 1 ) . A p r e c i s e l o c a t i o n o f b o t h 
t h e s t a r t and end o f t r a n s f o r m a t i o n is r a t h e r 
d i f f i c u l t us i ng t h e t e m p e r a t u r e - t i m e c u r v e . 
H o w e v e r , by t h e d i r e c t r a t e a n a l y s i s m e t h o d [ 7 ] a 
m o r e e x a c t t e m p e r a t u r e f o r s t a r t o f t r a n s f o r m a -
t i o n c a n be d e f i n e d . 

S u c c e s s i v e e q u a l i n t e r v a l s A T o f t e m p e r a t u r e 
a re p l o t t e d a g a i n s t t h e t e m p e r a t u r e r e s u l t i n g 

F i g - 1 : S c h e m a t i c a l i l l u s t r a t i o n o f a c o o l i n g 
c u r v e ( l e f t ) w i t h t h e c o r r e s p o n d i n g 
d i l a t a t i o n c u r v e ( r i g h t ) . 
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F i g . 2 : E x a m p l e o f s p e c i m e n g e o m e t r y and 
d i m e n s i o n s ( m m ) . 

Ar /A i °C°C/0 ,5 (s ) 

F i g . 3 : D i r e c t r a t e a n a l y s i s o f t e m p e r a t u r e - t i m e 
c u r v e s ( P h i l l i p s . [7]) . 

in an a p p r o x i m a t e l y l i n e a r p l o t u n t i l t r a n s f o r -
m a t i o n o c c u r s . A t t h i s t e m p e r a t u r e a m a r k e d 
d e v i a t i o n f r o m l i n e a r i t y is seen ( F i g . 3 ) . 

T h e d i f f e r e n t i a l t h e r m a l a n a l y s i s [ 7 ] is 
c o n s i d e r e d t o be one o f t h e m o s t s e n s i t i v e m e -
thods f o r r e c o r d i n g t h e t e m p e r a t u r e f o r t h e 
s t a r t o f t r a n s f o r m a t i o n . T h e t e m p e r a t u r e is 
c o n t i n u o u s l y c o m p a r e d w i t h t h a t o f a r e f e r e n c e 
s p e c i m e n . T h e h e a t l i b e r a t e d r e s u l t s in a t e m -
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Fig.4 : Derived d i f f e ren t i a l 
curve (Phillips [7]). 

the rmal analysis 
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F ig .5 : Thermal analysis of t e m p e r a t u r e - t i m e 
cycle . Schemat ic i l lustrat ion of the 
pr imary curve and the f i r s t and second 
der iva t ives . The s t a r t and finish of 
the t r ans fo rma t ion are marked (Nilsson 
[8]). 

pe ra tu re d i f f e r e n c e be tween the t e s t sample 
and the r e f e r e n c e specimen and at the onset 
of t r a n s f o r m a t i o n this d i f f e r e n c e increases 
remarkably (Fig.4a). The precision can be fu r the r 
improved by applying d i rec t r a t e analysis to 
the d i f f e r en t i a l curve . This method is named 
derived d i f f e r en t i a l t he rma l analysis. An example 
is given in Fig.4b indicating a nearly s t ra igh t 
line until the Ms t e m p e r a t u r e is r eached . However , 
according to Phillips [7], the the rma l analysis 
methods seem to lack the sensi t ivi ty to loca te 
Bs , Bf and M-f, while the Ms t e m p e r a t u r e is 
sa t i s fac to r i ly es tabl ished. 

The cooling p rogramme, recorded on magne -
t ic t ape , may also be p lot ted vs t ime as T, 
dT/dt and d2T/dt2 as seen in Fig.5 [15]. 

The t e m p e r a t u r e - t i m e cycle can also be ana-
lysed as follows [16] : The cooling p rogramme 
is considered f rom a chosen level Ti in the 
high t e m p e r a t u r e range, where the t ime t 

is taken .to be equal to zero . The r a t e of hea t 
loss, - dQ/d t , f rom the sample a t t e m p e r a t u r e 
T to surroundings a t t e m p e r a t u r e To, is approxi-
mate ly proport ional to this d i f f e r e n c e : 

- dQ . dT 
dt dt ' 

T _ To 

By in tegra t ion : 

T - To = (Ti - To) exp(-Bt) (1) 

Where B is a cons tan t , 

Equation (1) gives by logar i thmic d i f f e r en t i a t i on : 

In(T - To) = In(Ti - To) - Bt (2) 

b In(T - To) 
dt 

-B. (3) 

The slope of the cooling curve on a logar i thmic 
scale is thus, according to eq . (3) equal to -B, 
both in the high and low t e m p e r a t u r e range 
(above and below the phase t r ans fo rma t ion ) . 
As indicated in Fig.6, the observed slope in 
the phase t r ans fo rma t ion range will show a 
pronounced deviat ion f rom the curve described 
by eq. (3). 

In the case of m a r t e n s i t e m ic ros t ruc tu r e s , 
the M s and Mf can be fair ly precisely de te rmined 
by the two methods i l lus t ra ted in Figs. 5 and 6. 
Fu r the rmore , when a split t r ans fo rma t ion occurs 
involving s igni f icant amounts of f e r r i t e s idepla tes , 
the Bs can also be measured with fa i r precis ion. 
The problems connec ted with de termining Bf and 
Mf a re inherent in the re la t ive ly low amounts 
of hea t l ibera ted a t the end of t r a n s f o r m a t i o n . 

For the purpose of comparison of the 
di f ferent- techniques , Phillips [7] showed tha t 
for f a s t cooling, the rmal analysis gave the 
most prec ise t r ans fo rma t ion t e m p e r a t u r e . At 
slow cooling the d i l a tome t r i c technique appeared 

F ig . 6 : Example of t e m p e r a t u r e recording (a) 
and signal processing (b) and (c) (Chris-
tensen and Simonsen [16]. 
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as the most precise method. More recent work 
in the authors ' laboratory indicates that both 
methods give approximately the same t empera -
tures for cooling t imes At8/'5 in the range from 
5 to 30 sec. Slower cooling corresponding toAt8/5 
longer than 30 sec indicates tha t d i la tometr ic 
analysis should be applied. 

Thermal analysis of phase t ransformat ion 
occurring in reausteni t ized weld meta l deposits 
is discussed in re f . [15a] and r e f . [16]. Dilatome-
tr ic analysis is also f requent ly used in weld 
thermal simulation of the high t empera tu re 
response of reausteni t ised weld meta l samples 
[17]. . 

2.2 The real welding si tuation : 

The weld meta l t rans format ion , which occurs 
during cooling from crystal l izat ion, may be 
assessed by the thermo-harpoon technique [18]. 
The t empera tu r e and the f i rs t and second deri-
vat ives are obtained directly from the thermo-
harpoon signal. This method has recent ly been 
used for determining t ransformat ion t empera -
tures in submerged-arc weld meta l s [19]. Dila-
tome t r i c analysis has been applied to in situ 
examination of the t ransformat ion behaviour 
in the HAZ [11]. This technique, however, does 
not seem to be fully developed at the present 
t ime. A more simple and mate r ia l saving method 
is the "implant" procedure [20]. A test bar 
is inserted into a mild steel plate where thermal 
analysis of the recorded t empe ra tu r e - t ime curve 
may be made using chromel-alumel thermocouples 
as shown in Fig.7. The thermocouples are posi-
tioned where the HAZ of a bead is expected 
to come. In Fig.7 the thermocouple indexed 
A measures the t empera tu re while tha t indexed 
B is a r e f e r ence thermocouple (mineral insula-
ted, - isolated junction thermocouple encased 
in stainless s teel) . The thermocouples are connec-
ted so as to measure the t empera tu re T at 
the cooler point during the cooling stage (index A) 
and the t empera tu re d i f f e rence AT between 
the warmer and the cooler point (B-A). $ & 

F ig .7 •: Thermal analysis set-up for determining 
t h e t r a n s f o r m a t i o n t e m p e r a t u r e in 
a real HAZ (Phillips [21]). 

E x a m p l e s f r o m these exper iments are 
given in Fig.8. It is seen tha t the s ta r t of 
t ransformat ion is taken as the point where 
the t empera tu re d i f fe rence during cooling s t a r t s 
to diminish rapidly, while the finish of t rans for -
mation is considered as the point where the 
deviation from a smooth curve in the t rans for -
mation discontinuity appears to end. One should 
note that the thermocouple . A, due to its posi-
tion on the cooler side, f i rs t regis ters any t rans-
format ion, which in turn cause the t empera tu re 
d i f fe rence between A and B to diminish, the 
method seems to be quite sensitive, Ms and Bs 
being recorded at values down to 8% and 12% 
respect ively. 

3 .0 C o m p a r i s o n b e t w e e n s i m u l a t e d a n d a s - w e l d e d 
H A Z t r a n s f o r m a t i o n b e h a v i o u r 

Several papers have been published on 
the comparison between simulated and as-welded 
HAZ micros t ruc tures [12,22]. Small variations 
in the micros t ruc tura l composition have been 
reported. These variat ions are also r e f l ec t ed 
in the t ransformat ion t empera tu res . From the 
work by Phillips [21], it emerges tha t both the 
mar tens i t i c and non-martens i t ic t ransformat ions 
occur at lower t empera tu res during simulation 
than in the actual HAZ. Di f fe rences up to 140°C 
were observed for non-mar tens i t ic cons t i tuents . 
Additionally, bainite f i rs t appeared at somewhat 
fas te r cooling ra tes in the actual HAZ. This 
trend was reversed at the slower cooling ra tes 
where the f rac t ion of mar tens i t e was higher 
in the actual HAZ. The d i f fe rences in the 
t ransformat ion t empera tu res are indicated in 
Fig.9, showing CCT-diagrams for weld thermal 
simulation (di latometry) and the actual welding 
("implant" thermal analysis). 

The main problem during weld thermal simu-
lation, however, seems to be matching the aus-
teni te grain size with that of the coarse-grained 
zone in a real weldment . According to Dolby 
and Widgery [23] the peak t empera tu re during 
simulation at 1210°C matched the aus teni te 
grain size in the grain coarsened region of the 
HAZ, the o f ten used peak t empera tu re of 1350°C 
giving larger grain size than the as-welded condi-
tion. This supports previous findings by Berkhout 
and van Lent [12]. These d i f fe rences have 
among other f ac to r s been a t t r ibu ted to d i f fe ren t 
heating ra tes , the heating ra tes during simula-
tion being too slow [21,24]. Slower heating ra tes 
allow the grain growth inhibiting prec ip i ta tes 
to dissolve at a slightly lower t empera tu re , thus 
increasing the t empera tu re range where grain 
growth can occur . Di f fe rences in grain size 
will probably also be expected In a s teel without 
grain growth inhibitors. The res t ra in t intensity 
has also been proposed as an additional explana-
tion of the d i f f e rence in grain size. 
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F i g . 8 : Examples of thermal analysis curves 
for d i f fe ren t cooling ra tes from real 
w e l d m e n t s (dec rea s ing cooling r a t e 
to the right) (Phillips [21]). 
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Fig.9 : Comparison of in situ and simulated 
CCT-diagrams for a C-Mn steel (Phillips 
[21]). 

Fur thermore , s teep t empera tu re gradients 
in the real HAZ have also been considered. 
This l a t t e r explanation seems more likely due 
to the f a c t that the grain growth occurs from 
the fusion line toward lower t empera tu res , 
as dist inct from the simulated condition where 
the aus teni te grains can grow in all direct ions. 

In spite of the above mentioned discrepancies, 
the weld thermal simulation is a f requent ly 
used method for assessing the t ransformat ion 
behaviour in heat a f f e c t e d zon^s. 

Several years ago empirical equations w?re 
introduced to describe the s ta r t and finish 
of the mar tens i t i c and bainitic t ransformat ions 
(summarized in r e f . [25]) : 

Bs = 830 - 270(%C) - 90(%Mn) - 37(%Ni) 
- 70(%Cr) - 83(%Mo) (4) 

Bf = Bs - 120 (5) 

Ms 561 - 474(%C) - 33(%Mn) - 17(%Ni) 
- 1 7(%Cr) - 21(%Mo) (6) 

Mf = Ms - 215 

Bs, Bf, Ms and Mf are expressed in °C 

(7) 

Similar equctions have also been proposed for 
the Al and A3 t empera tu res . However, these 
formulae are probably not valid for other steel 
compositions than those - from which they were 
developed. In spite of the uncer ta int ies involved, 
m a t h e m a t i c a l calculat ion of t ransformat ion 
diagrams has been fu r the r developed [26,27]. 
It has also become possible by computer programs 
to predict the micros t ruc tu res expected in the 
HAZ of weldments [28]. Before applying these 
ma thema t i ca l calculat ions various pa ramete r s 
such as the thermal e f f ic iency fac to r for the 
welding method used and the thermal diffusivity 
(or conductivity) of the actual s teel composi-
tion must be known ra ther precisely. Moreover, 
the si tuat ion is fu r the r complicated in the 
case of a mult ipass weldment . At tempts have 
also been made to s imulate this condition [29]. 

It will be noted that the equipment used 
for measurement of t ransformat ion behaviour 
has not been discussed. Such information is 
given in detail in the re fe rences . Clearly there 

INDIAN WELDING JOURNAL, APRIL, 1988. 348 



has been considerable improvement in that 
part icular area throughout the years. Another 
topic which seems a t t r ac t ive is the development 
of microscopes for high tempera ture services, 
as for instance the microscope applied to the 
observation of grain boundary liquation in the 
partially melted region of the HAZ [30]. The 

application of the microscope to t ransformat ion 
behaviour (optical di latometry) has recently 
been discussed by Ruge et al. [31]. These new 
developments and improvement should s t imulate 
fur ther research ; however, thermal analysis 
and di la tometry will probably remain as useful 
methods. 
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