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Mechanisms of the effect of microalloying on strength and toughness of steels. Influence on grain 
size, precipitation hardening, processes of hot deformation, and economv of microallovina with Al 
Nb, i/, and Ti. 

Mehanizmi vpliva mikrolegiranja na trdnostne lastnosti in žilavost jekla. Vpliv na velikost zrn, 
izločilno utrditev, procesi vroče deformacije in gospodarnost mikrolegiranja z Al, Nb, V in Ti. 

1 Introduct ion 

The microa l loy ing of steel is a technology which has been 
intensively deve loped for about 25 years, and it exploits 
the theoretical know!edge on mechan isms of precipitation 
hardening, gra in size control , and deformat ion of steel. The 
term "mic roa l loy ing" is used because steels are alloyed with 
up to 0 .05% of var ious e lements , and an important influence 
on the fo l lowing characterist ics and propert ies is achieved: 

• austenite and ferri te grain size are diminished, and be-
cause of it yield stress, strength, and toughness are in-
creased while the ductile/brit t le f racture transition tem-
perature is d iminished; 

• precipi ta t ion hardening is achieved, this increases the 
yield stress and strength of steel, d iminishes the tough-
ness and increases the ductile/britt le fracture transition 
temperature; 

• the hardenabi l i ty is improved and austenite/ferrite tran-
sition tempera ture is lowered; 

• the susceptibi l i ty of steel to strain ageing is eliminated; 

• the content of d issolved oxygen and sulphur in steel 
are d imin ished and the puri ty of steel is improved; 

• the shape and compos i t ion of non-metal l ic inclusions 
are changed and the isotropy of properties and the 
machinabi l i ty of steel are improved; 

• the texture in non or iented electrical sheets is improved 
and the energy losses diminished. 

Microa l loy ing e lements are: a luminium, base element 
for steel deoxida t ion and for the decrease of oxygen is 
solution, n iob ium, t i tanium, vanadium, zirconium, boron, 
calcium, te l lur ium, antimony, tin, nitrogen, and in some 
cases also su lphur and lead. In this paper only microal-
loying e lements in the narrower sense will be discussed, 
i.e. those which inf luence the microstructure, strength and 
toughness of steel: a lumin ium, niobium, t i tanium, vana-
dium, and ni t rogen which are in various combinat ions the 
basic const i tuents of h igh-s t rength structural steels and mod-
em machine-bui ld ing steels. In order to understand better 
the influence of microa l loy ing e lements on the mechanical 
properties and the hot vvorking process it is necessary to 
know the processes and react ions in steel involving these 
elements, and their c o m p o u n d s with nitrogen and carbon 
which fo rm precipi tates cal led in the fol lowing as disper-
soide phases. The inf luenced processes are austenite grain 
growth, precipi tat ion hardening in ferrite, and recrystalliza-
tion of austenite dur ing hot rolling. 

2 Size and stability of austenite gra ins 

The first condit ion for the fo rmat ion of small ferri te grains 
during the cooling of steel are smal l austeni te grains and 
are obtained either by recrystal l izat ion of austenite af ter hot 
rolling at a relatively low temperature if a suitable delay 
of austenite grain grovvth is achieved dur ing the hot vvork-
ing, or during the cool ing af ter normal iza t ion. Austeni te 
grains grow through migra t ion of boundar ies , which can be 
hindered or s topped if the boundary is p inned to precipi-
tates of dispersoide phases. W h e n migra t ion progresses, at 
first a concavity is fo rmed at the precipi tate, then the grain 
boundary envelopes it and finally bypasses it. This process 
requires an additional energy. The dr iving force for the 
growth is the tendency of material to reach a min imal total 
energy ( E , ) through the change of the shape and the size 
of grains, and is obtained by the min imal specif ic surface 
energy of grains. The total energy consis ts of the vo lume 
(E v ) and the surface componen t (Ep). Ev is proport ional 
to the grain vo lume, thus to D3, if D is linear d imens ion of 
grain, vvhile the surface componen t is proport ional to D2. 
Schematical ly it can be writ ten Es = I< D2 + I\\D3. The 
specific energy is thus: 

El = 1 

D2 D + 1 

E.g.: for D = 1, EJD = 2; for D = 2, E,/D = 1.5; 
for D = 3, Es/D = 1 .33, etc. Thus total energy is the 
lower the coarses is the grain size. 

The prevention of the migra t ion of a grain boundary 
is achieved when the dis tance among the precipi tates is 
below a critical value. Instead of the dis tance betvveen the 
precipitates, which is difficult to be measured , the m o r e 
easily measurable precipi tat ion size (d) and vo lume part of 
dispersoide phase ( / ) are used in the analytical t reatment 
of grain grovvth. The relat ionship be tween the grain s i ze— 
D, the volume part of p r e c i p i t a t e s — / , and their s i ze—d is 
according to Zener 1 g iven by the equat ion: 

D _ 4d 
J ~ 3f 

The above equat ion vvas fur ther developed for the 
grovvth of austenite grains in structural steel by Gladmann 
and Pickering2 . They have assumed that in grain grovvth 
the energy 

D \Z 2 J 



is r e l eased . In the e q u a t i o n S — r e p r e s e n t s the b o u n d a r y 
m i g r a t i o n , y — t h e s u r f a c e e n e r g y of aus teni te , and Z — t h e 
ra t io betvveen the s ize of a g r o w i n g gra in and the ave rage 
g ra in s ize in the ma t r ix . 

It is e v i d e n t that the gra in g r o w t h is poss ib le on ly if 
Z > 4 / 3 , o t h e r w i s e the g r o w t h ene rgy c h a n g e is pos i t ive 
a n d a s p o n t a n e o u s p r o c e s s is not poss ib le . An excep t i on 
r e p r e s e n t s the ca s e s of ve ry grea t g r o w t h dr iv ing fo rce , e.g. 
a g ra in s h a p e s w h i c h grea t ly dev i a t e s f r o m the equ i l i b r ium. 
T h e e q u a t i o n w a s fu r t he r t r a n s f o r m e d into the exp re s s ion 
e o n n e c t i n g the cr i t ical s ize of p rec ip i ta tes , c/j., with o ther 
eas i ly n t e a s u r a b l e p a r a m e t e r s : 

<k 
(Wf / 3 
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T h e g ra in g r o w t h o c c u r s if the size of p rec ip i t a t es is 
d > d i-. T h e e q u a t i o n s h o w s that g ra ins g r o w wi th the 
g r o w t h of the cr i t ical s ize and the dcc rea se of the con ten t of 
p rec ip i t a t e s , as vvell as w i th the inc reas ing n o n - u n i f o r m i t y 
of gra in s ize . A s p o n t a n e o u s grovvth is ini t iated the eas ier 
the g rea te r is the init ial n o n - u n i f o r m i t y of aus teni te gra in 
s ize . Fo r be t te r u n d e r s t a n d i n g it c a n be m e n t i o n e d that af ter 
o n e - h o u r of hea t i ng of a Cr -Ni ca rbu r i z ing steel at 9 2 0 ° C , 
i .e. b e f o r e a n o r m a l g ra in grovvth, the ra t io of m a x i m a l and 
m i n i m a l g r a in s ize is Z = 3 . 1 8 . 

By the s a m e quan t i t y of the d i s p e r s o i d e phase the pre-
c ip i t a t e s a re the m o r e e f f i c ien t the smal le r is their size, i.e. 
the g rea te r is their v o l u m e dens i ty and thus the smal le r is 
the i r m u t u a l d i s t a n c e . P rec ip i t a t e s are not c o m p l e t e l y s table 
at the g ra in grovvth t e m p e r a t u r e and g row at p r o l o n g e d an-
nea l i ng t inte a n d e spec i a l l y at h igher t empera tu re s loos ing 
the p i n n i n g e f f i c iency . In s t ruc tura l steel the p rec ip i t a t es 
of s i zes b e l o w 10 n n i r ep re sen t a low h ind rance for g ra in 
grovvth b e c a u s e of their ins tabi l i ty c a u s e d by the h igh rat io 
of s u r f a c e to the total energy . 

E f f i c i en t p r ec ip i t a t e s are f o r m e d by d i spe r so ide p h a s e s 
vvhich are d i s so lved in aus ten i t e at the hea t ing of steel be-
fo re the hot ro l l ing o r fo rg ing . As s teels are b e c o m i n g cool , 
the so lub i l i ty o f d i s p e r s o i d e phase is d i m i n i s h e d , and pre-
c ip i t a t e s are f o r m e d vvith s ize d e p e n d i n g o n the t e m p e r a t u r e 
a n d the l eng th of i so thc rma l annea l i ng . 

D u r i n g the t r a n s f o r m a t i o n and the recrys ta l l iza t ion the 
grovvth rate of ali g r a i n s is not u n i f o r m , s ingle g ra ins grovv 
fas ter , r e a c h a lovver total energy , b e c o m e m o r e s table , and 
at su f f i c i en t t e m p e r a t u r e grovv at the e x p e n s e of the i r n e i g h -
b o u r s . Th i s is the e x p l a n a t i o n w h y a mic ros t ruc tu r e of 
g r a i n s o f d i f f e r e n t s ize is f o u n d in n o r m a l i z e d steel vvith 
a too lovv quan t i t y of the p rec ip i t a t e s for c o m p l e t e p inn ing 
of the m i g r a t i o n of aus t en i t e gra in bounda r i e s . T h e g ra ins 
c a n grovv a l so by c o a l e s c e n c e if their space or ien ta t ion is 
s imi l a r and a re pa r t ed by lovv-anglc bounda r i e s . Th i s o c c u r s 
in t e x t u r e d ma te r i a l s . 

T h e b o u n d a r y m i g r a t i n g at the ex ten t of a n e i g h b o u r 
g r a in is c o n c a v e . A s impl i f i cd e x p l a n a t i o n is that the a t o m s 
o n the c o n c a v e s ide are o n a v e r a g e m o r e tinte b o u n d in 
the c rys ta l lat t ice. T h e mig ra t i on of crys ta l b o u n d a r y is 
p r o d u c e d by the d i f f e r e n c e in the n u m b e r of a t o m s vvhich 
are d e p l a c e d o v e r the g ra in b o u n d a r y b e c a u s e of thermal 
osc i l l a t ion . T h e n u m b e r of j u m p s f ront the c o n v e x to the 
c o n c a v e s ide of the b o u n d a r y is equa l to the n u m b e r of 
j u m p s in the r e v e r s e d i r cc t ion , but on the c o n c a v e side m o r e 
of o sc i l l a t ing a t o m s are re ta ined . Th i s p r o d u c e s a flovv of 
a t o m s f r o m the c o n v e x to the c o n c a v e s ide, i.e. the sh i f t of 
c rys ta l b o u n d a r y in the o p p o s i t e d i rcc t ion . 

T h e theore t ica l c x p l a n a t i o n fo r the m i g r a t i o n p r o c e s s of 
a crystal b o u n d a r y tovvards the c e n t r e of c u r v a t u r e is f o u n d 
in r e f . 3 , vvhere it is s u g g e s t e d that the d r iv ing fo rce fo r the 
b o u n d a r y m i g r a t i o n is the d e c r e a s e of s u r f a c e energy . T h e 
rate of mig ra t ion is d e s c r i b e d by a p a r a b o l a of the f o r m 

D = Do + A ' 1 / n 

vvith D0—an initial g ra in size, D—the g ra in s ize a f te r an 
annea l ing t ime t, and n—the grovvth e x p o n e n t . T h e o r e t i -
ca l ly n is 2 vvhile e m p i r i c a l l y the va lue s betvveen 2 and 4 
vvere m e a s u r e d . 

T h e c o n n e c t i o n betvveen the g ra in s ize ( D ) and the y ie ld 
s t ress (RE) is g i v e n by the H a l l - P e t c h e q u a t i o n 

RE = RE0 + K D - 1 ' 2 

vvith Re0 as a cons t an t d e p e n d i n g o n the c o n t p o s i t i o n and 
the mic ros t ruc tu r e of steel . T h e c o n s t a n t K is a m e a s u r e 
for the h inde r ing e f f e c t of c rys ta l b o u n d a r i e s o n the mobi l i ty 
of d i s loca t ions . 

In Fig. 1 t aken f r o m the re f . 5 the r e l a t ion betvveen the 
gra in size, e x p r e s s e d by D 1 ? 2 a n d the A S T M n u m b e r , and 
the y ie ld s tress of steel vvith 0 . 1 7 % C and 0 . 8 % M n is 
shovvn. T h e d e c r e a s e of the g ra in s ize f r o m A S T M n u m b e r 
5 to A S T M n u m b e r 10, o b t a i n e d t h r o u g h the m i c r o a l l o y i n g 
p r o d u c e s an inc reases in y ie!d s t ress of s tee l for abou t 5 0 % . 
Th i s inc rease takes p l a č e at a n i nc r ea sed t o u g h n e s s and a 
dec r ea sed duc t i le /br i t t l e f r a c t u r e t rans i t ion t e m p e r a t u r e (Tp) 
at no tch t o u g h n e s s test. T h e p r o p o s e d r e l a t i on is 

^r = T0 + K D 
- 1 / 2 

with To and K c o n s t a n t s d e p e n d i n g o n the c on tpos i t i on and 
the mic ros t ruc tu re of the s tee l 4 . 

Figure 1. Relation betvveen the grain size expressed as D , the 
ASTM number, and the yield stress of steel vvith 0.17% C and O.S^i. 

Mn (Ref.5). 
Slika 1. Odvisnost med velikostjo zm izraženo kot D - 1 / 2 in ASTM 
razredom ter mejo plastičnosti jekla z 0.17% C in 0.8% Mn. Po viru5. 

T h e m o v e m e n t of d i s l oca t i ons in the lat t ice is h indered 
by the Pe i e r l s -Naba r ro f o r c e ( r p n ) , a n d e a c h c rys ta l b o u n d -
ary p r o d u c e s an add i t iona l obs t ac l e fo r the m o v e m e n t . The 
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total force (Ts) essential fo r the m o v e m e n t of dislocat ions 
in polycrys ta l l ine material is: 

Ts = Tpn + K D~1'2 

A pi l ing-up of d is locat ions at the grain boundary is re-
quired in order to accumula te a sufficient driving force for 
the penet ra t ion of d is locat ion into the ne ighbour grain with 
a d i f ferent space or ien ta t ion 6 . 

3 Disperso ide phases 

Dispersoide phases are carhides and nitrides, very fre-
quently also carboni t r ides since carbides and nitrides of mi-
croal loying e l emen t s are mutual ly comple te ly soluble. The 
compos i t ion of d i sperso ides depcnds on the amounts of mi-
croal loying e lements , n i t rogen, and carbon in steel. If the 
content of microa l loy ing elements , ni t rogen or carbon is 
too high, d i sperso ide phases can fo rm already in the melt 
or dur ing the sol idif icat ion of steel. The size of precipitates 
in this čase is 100 n m or more , accordingly small is their 
volume densi ty, and low the h inder ing ef fec t at standard 
size of austeni te grains. In microa l loyed steel in which the 
content of mic roa l loy ing elcmenLs for the mos t part does 
not exceed 0 .05%, the suff ic ient vo lume densi ty of pre-
cipitates is not achieved if they are fo rmed in the melt or 
during the sol idif icat ion. In this čase they are enr iched on 
the sol idif icat ion in ter faces or in eutect ic clusters, vvhich 
decreases the ducti l i ty of the steel. Such example represent 
A1N and N b ( C N ) fo rmed during the solidif ication of steel 
manufac tu red in electric are fu rnace 7 , vvith a high content 
of n i t rogen, a lumin ium, and n iobium. 

The m e c h a n i s m of grovvth of precipi ta tes involves the 
solution of small part icles vvith a greater specific surface 
energy and the d i f fus ion of microa l loying componen t s on 
coarse, m o r e s table part icles. 

The grovvth of precipi tates , o f ten named as Ostvvald 
ripening, is dese r ibed by the Wagner 8 equat ion 

df ~ d3
0 = 

16 aDCV 
9 RT 

-t 

vvith 

dt precipi ta te d iamete r af ter the annealing 
t ime t 

do prec ip i ta te d iamete r in t ime 0 
u su r face tens ion betvveen the matrix and pre-

cipi ta te 
D di f fus iv i ty of const i tut ive a toms 
C concen t ra t ion of const i tut ive a toms 
V mola r v o l u m e of precipitate 
R gas cons tan t 
T absolute t empera ture 

The equat ion shovvs that the rate of precipitate grovvth 
will be at constant o ther condi t ions the faster, the faster is 
the diffusivi ty, the greater is the concentra t ion of consti tu-
tive atoms in solut ion, and the h igher is temperature. Thus 
the ideal d i sperso ide is that vvith the lovvest solubility of 
constituents, and vvith the lovvest d i f fus iv i ty of microal loy-
ing element , since the d i f fus iv i ty of n i t rogen and carbon in 
interstitial solution is very fast . 

Let us a s sume that the steel conta ins 0 .03% A1N vvhich 
ensures the austenite grains size af ter normal iza t ion of 6 -
7 ASTM n u m b e r 9 . Fig . 2 p iesents the calculated A1N 

precipitate size for such a steel af ter one hour fiolding at 
var ious temperatures , the content of a l u m i n i u m nitride, the 
vo lume densi ty of precipitates, and the re la t ive austenite 
grain size. The solubili ty product used for the calculat ion 
is in good agreement vvith the A1N solubil i ty de te rmined for 
Cr-Ni carburiz ing steel9 . If the heat ing tempera ture of steel 
is inereased f r o m 900 to 950° C, the s a m e hinder ing ef fec t 
can be obtained vvith an about 4 0 % higher content of nitride, 
vvhile above 1000°C the p inning e f fec t of a lumin ium ni tr ide 
is very rapidly d iminished. 
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F i g u r e 2 . Relation betvveen the annealing temperature and the 
precipitate size. the number of precipitates per unity of volume, 
the content of A1N in solution, and the austenite grain size. The 

theoretical AIN content is 0 .03%. The calculation is based on the 

A1N solubility product given in ref.2 . 
Sl ika 2. Odvisnost med temperaturo žar jenja in vel ikost jo izločkov, 
številom izločkov na enoto prostornine, kol ičino AIN v raztopini in 
velikostjo zm austenita. Teoretična vsebnost AIN 0.03%. Izračun je 

izvršen na osnovi topnostnega produkta za AIN v viru2 . 

In microal loyed steel usual ly there are 2 or 3 grain 
grovvth inhibitors; AIN, Nb(CN) , T iC and VN. The p resence 
of precipi tates fo rmed by the addit ion of 0 .03% n iob ium to 
the steel vvith 0 . 1 0 - 0 . 2 0 % C ensures gra in s izes of A S T M 
number 10-11 after normal iza t ion . 

The most f requent d ispersoide is a lumin ium nitr ide 
(AIN) vvhich is found in ali steels deox id ized , and thus mi-
croal loyed vvith a luminium. T h e solubil i ty of AIN and of 
other d ispersoide phases in austeni te in s truetural steels is 
given by the solubili ty product . Ref . 1 0 g ives the follovving 
solubili ty product for a lumin ium ni tr ide 

l o g ( A l x N ) = - 6 7 7 0 / T + 1 .48 

In the above equat ion N and Al represent the vveight 
content of both e lements in solut ion in the steel, and T is 
the tempera ture in K. Accord ing to ref. 1 0 , 1 1 , and 
solubili ty products for other d isperso ide phases are 

12 the 

log(Ti x C) = — 1 0 4 7 5 / T + 5 . 3 3 ti 

log(Ti x N ) = - 8 0 0 0 / T + 0 . 3 2 12 

log (V x C) = - 9 5 0 0 / 7 " + 6 . 7 2 11 

l o g ( V x N ) = - 8 3 3 0 / T + 3 .46 10 

l o g ( N b x C + N ) = - 6 7 7 0 / 7 " -f 2 . 2 6 10 



In s o m e r e f e r e n c e s a l so o the r e q u a t i o n for the solubi l i ty 
of d i s p e r s o i d e s is f o u n d but they d o no t d i f f e r s ign i f ican t ly 
f r o m the a b o v e g iven . 

T h e so lub i l i ty o f ali the d i spe r so ides , bu t of v a n a d i u m 
c a r b i d e , in aus ten i t e w i th up to 0 . 2 % C and 0 . 0 1 % N is 
sma l l a n d at the n o r m a l i z i n g t e m p e r a t u r e less than 10% of 
the q u a n t i t y at the t e m p e r a t u r e of about 1200° C . O n the 
con t ra ry , the so lub i l i t y of v a n a d i u m ca rb ide in aus ten i t e 
is ve ry h igh , and th is d i s p e r s o i d e is c o m p l e t e l y d i s so lved 
a l r e a d y at abou t 9 0 0 ° C in steel wi th 0 . 2 % C. O the r d i sper -
s o i d e s a re v e r y s tab le b e c a u s e of the l ow solubi l i ty at the 
n o r m a l i z i n g t e m p e r a t u r e s a n d the inh ib i t ion of gra in g r o w t h 
is d i m i n i s h e d o n l y at h i g h e r t empe ra tu r e s . 

D u r i n g the c o o l i n g f r o m the solubi l i ty t e m p e r a t u r e and 
at i s o t h e r m a l h o l d i n g d u r i n g s u c h coo l ing the f o r m a t i o n of 
p rec ip i t a t e s is ve ry s low (Fig . 3) d u e to s low f o r m a t i o n of 
n u c l e a t h o u g h the sol id so lu t ion is h igh ly o v e r s a t u r a t e d 1 3 . 
T h e e x p l a n a t i o n fo r the s l o w f o r m a t i o n of nuc lea is the g rea t 
d i lu t ion s ince the c o n t e n t se ldon t e x c e e d s 0 . 0 3 % vvhich e.g. 
r e p r e s e n t s 3 a t o m s of t i t a n i u m per 10000 a t o m s of i ron. T h e 
n u m b e r of a t o m s of m i c r o a l l o y i n g e l e m e n t s is thus ve ry lovv 
a n d c o n s e q u e n t l y the rate of f o r m a t i o n of suf f ic ien t stat is t ic 
a g g r e g a t i o n s of a t o m s f r o m vvhich p rec ip i t a t ion nuc lea are 
f o r m e d is v e r y slovv. T h e k ine t i c s of the prec ip i ta t ion d u r i n g 
the h o l d i n g a f t e r d i rec t c o o l i n g f r o m the solubi l i ty t e m p e r a -
ture is a slovv p a r a b o l a h igh ly d i f f e r en t f r o m that de sc r ib ing 
the f o r m a t i o n of p r ec ip i t a t e s in aus ten i t e q u e n c h e d f r o m the 
so lub i l i ty t e m p e r a t u r e and then r e h e a t e d (Fig. 3). The k i -
ne t i c s of A1N f o r m a t i o n is in this čase a s tep pa r abo l a indi-
ca t i ng that the rate of grovvth of p rec ip i ta tes is d e t e r m i n e d 
b y the d i f f u s i o n ra te of a l u m i n i u m on the n u c l e a f o r m e d 
d u r i n g the r e h e a t i n g of s tee l , d u e to the h igh ove r sa tu ra -
t ion b e c a u s e of the c o o l i n g to a m b i e n t t e m p e r a t u r e o r to 
the d o u b l e t r ans i t ion of the aus ten i t e / fe r r i t e phase b o u n d a r y 
o n vvhich the so lub i l i ty of A1N is c h a n g e d s t rongly. 

d i u m (Fig. 4). T h e spec i f ic vveight of n i o b i u m c a r b i d e is 
h ighe r than that of a l u m i n i u m ni t r ide , the vveight so lubi l i ty 
of bo th in aus ten i t e is s imi lar , t hus the s a m e vveight con -
tent of n i o b i u m in aus t en i t e g i v e s less p rec ip i t a t e s . C o n s e -
quent ly , if s e e m s p r o b a b l e that n i o b i u m h i n d e r s the m i g r a -
t ion of b o u n d a r i e s a lso by s o m e o the r m e c h a n i s m , e.g. by a 
s eg rega t ions on gra in b o u n d a r i e s vvhich p r o d u c e s a g rea te r 
n u m b e r of p rec ip i t a t e s o n these b o u n d a r i e s as it c o u l d be 
e x p e c t e d f r o m the a v e r a g e n i o b i u m c o n t e n t in steel . Re f . 1 4 

presen t s m i c r o g r a p h i e s shovving that the b o u n d a r i e s or sub -
b o u n d a r i e s of aus ten i t e g r a i n s are m a r k e d vvith s t r ings of 
p rec ip i ta tes vvhich c o n f i r m the poss ib i l i ty of an in te rc rys -
ta l l ine seg rega t ion of n i o b i u m . T h e s ize of aus t en i t e g ra ins 
is thus re la ted to the t h e r m a l d e f o r m a t i o n h i s to ry of steel. 
R e f . 1 5 de sc r ibes a b i m o d a l s ize d i s t r i bu t ion of p rec ip i t a te 
a f te r the ro l l ing of n i o b i u m steel f r o m 1 0 5 0 ° C vvhich c a n 
a lso b e e x p l a i n e d s u p p o s i n g an in te rc rys ta l l ine s eg rega t i on 
of n i o b i u m . 
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F i g u r e 4. Relation betvveen the amounts of niobium and vanadium in 
steel and the size of austenite grain after half-hour and 8-hour 

austenitizing at 920°C. Basic steel composition: 0.18% C, 
0.95% Mn, 0.28% Si, 1.0% Cr and, belovv 0.002% Al (Ref.16). 
S l i k a 4. Odvisnost med količino niobija in vanadija v jeklu in 

velikostjo zm austenita po polurni in 8 umi austenitizaciji pri 920°C. 
Osnovna sestava jekel: 0.18% C, 0 .05% Mn, 0.28% Si, 1.0% Cr. pod 

0.002% Al, . Po viru16 . 

F i g u r e 3 . Kinetics of A1N precipitation after various thermal history 
of steel vvith 0.11% C, 0.49% Mn, 0.029% Al, and 0.0063% N. 

S l i k a 3 . Kinetika precitipacije A1N po različni temiični zgodovini 
jekla z. 0.11% C. 0.49% Mn, 0.029% Al in 0.0063% N. 

It m u s t b e m e n t i o n e d that n i o b i u m if its concen t r a l ion 
e x c e e d s a b o u t 0 . 0 3 5 % and at h igh n i t rogen c o n t e n t s — t h e 
l imit is at a b o u t 0 . 0 1 2 % , is b o u n d d u r i n g the so l id i f ica t ion 
p r o c e s s in to a c a r b o n i t r i d e ve ry r ich in n i t rogen and prac t i -
ca l ly u n s o l u b l e d u r i n g hea t i ng the steel b e f o r e the ro l l ing 7 . 
N i o b i u m b o u n d in this p h a s e is lost as ac t ive mic roa l l oy -
ing e l e m e n t , t h u s the m i c r o a l l o y i n g vvith n i o b i u m in steel 
m o l t e n in e lec t r i c are f u m a c e is e c o n o m i c a l on ly u p to about 
0 . 0 3 % . In C r M n č a s e h a r d e n i n g steel by a l ready 0 . 0 2 % N b 
the s a m e s tab i l i ty and s i ze of aus ten i t e g ra ins is ach i eved 
as vvith the s a m e a m o u n t of a l u m i n i u m or vvith 0 . 1 % vana -

4 M i c r o a l l o y i n g a n d p r e c i p i t a t i o n h a r d e n i n g 

T h e p rec ip i t a t ion h a r d e n i n g is o n e f o r m of d i s p e r s i o n ha rd -
en ing , i.e. h a r d e n i n g c a u s e d by a nevv p h a s e vvhich is f o u n d 
in smal l quan t i t i e s in the me ta l l i c m a t r i x . T h e gene ra l ex-
p ress ion desc r ib ing the r e l a t i ons betvveen the quan t i t y of 
p rec ip i t a t es ( / ) , their s ize (d), the shea r m o d u l u s ( G ) , the 
Burgers vee to r of d i s l o c a t i o n s (b), and i ne rea se of s t rength 
( A R t ) w a s p r o p o s e d by H o m b o g e n 1 7 in the follovving 
f o r m 

ARr = A - 9 2 1 
d 

K is a cons t an t vvith a v a l u e I \ = 1 f o r a po lyc rys t a l l i ne 
ma te r i a l a n d u n i f o r m l y d i s t r ibu ted s p h e r o i d a l par t i c les of 
the nevv phase . T h e h a r d e n i n g is p r o p o r t i o n a l to the third 
roo t of the quan t i ty of p rec ip i t a t ed p h a s e a n d inverse ly pro-
por t iona l to the par t ic le s i ze of tha t phase . It is thus m o r e 
s t rongly d e p e n d a n t o n the s ize than o n the quan t i t y of pre-
c ip i ta tes . T h e p rec ip i t a t i on h a r d e n i n g is s t ab le o n l y till the 
shear m o d u l s is no t d i m i n i s h e d b e c a u s e of the t e m p e r a t u r e 
c h a n g e or the p rec ip i t a t e s d o no t h i n d e r the m o v i n g of dis-
loca t ions . In m i c r o a l l o y e d s tee l the p r ec ip i t a t e s f o r m e d at 

0 . 0 2 9 A I , 0 , 0 0 6 3 N 

1 3 0 0 < C . 2 n - 2 0 ° C — 8 4 0 ° C 

1 3 0 0 ° C . 2 h - 2 0 ° C — 1000°C 
1 3 0 0 ° C , 2 h — 8 4 0 ° C 

1300 °C, 2 h —1000°C 



the nornializing temperature, which are a very efficient hin-
drance for grain grovvth, do not cause precipitation hard-
ening. This would be obtained only by a much greater 
number of precipitates, at least for one order of magnitude 
greater than it is usually found in microalloyed steel. In 
such a čase the ductility and the toughness of steel would 
be diminished. 

The highest precipitat ion hardening of microalloyed 
steel is obtained if precipitates are formed below about 
620°C when the shear modulus of- ferrite is high enough, 
and the internal stresses due to the formation of coherent 
precipitates are not relaxed. Coherent precipitation occurs 
by carbonitr ides, carbides, and nitrides of niobium, vana-
dium, and t i tanium which have a cubic crystal lattice, but 
not by the hexagonal a luminium nitride which produces thus 
virtually no precipitat ion hardening of ferrite. The lattice 
parameter of cubic precipitate is different than that of ferrite. 
Both lattices can accommodate by elastic deformation and 
the intemal stresses on the contact surfaces are proportional 
to the hardening, generally called as coherent hardening. 
The stress field around the precipitates hinders the move-
ment of dis locat ions in a greater volume of matrix than the 
precipitate alone. At increasing size of precipitates the co-
herence is lost and the boundary between the precipitates 
and the matr ix becomes an actual phase boundary vvithout 
elastic accommodat ing stresses. The hardening is achieved 
only by hindering of dislocations moving at plastic defor-
mation. This hardening is called a dispersion hardening and 
it can be calculated according to the Hornbogen equation. 
In this type of hardening ali carbide and nitride phases, in-
cluding a luminium nitride and cementi te, behave in equal 
way, and the effect depends on the amount and the size of 
precipitates. 

The moving dislocation can cut small precipitates vvith-
out stress field . The critical size of precipitate depends 
mainly on their shear modulus , e.g. for copper precipitates 
in ferrite the critical size is about 10 n m and, for TiN precip-
itates only 3 nm. Precipitation hardening of microalloyed 
steel is relatively strong. For the evaluation of the hardening 
effect of n iobium carbonitr ide the follovving semiempirical 
expression was developed by Yeo and covvorkers19 
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with Nb as n iobium content in vveight %, d—the size of 
niobium carboni t r ide precipitates, and ARe—the increase 
of yield stress. 

The exponent at the niobium content proves that the 
expression was der ived through simplification of the Horn-
bogen equat ion. A disadvantage of the expression is the 
lack of parameters considering the temperature of forma-
tion of precipitates and the shear modulus, thus it can be 
used only for heat treatment by quenching and ageing at a 
selected temperature. 

Fig. 5 presents the influence of precipitates size at con-
stant n iobium content , and the content of niobium at con-
stant size of 50 n m precipi tates on the hardening effect. 
Already a small amount of n iobium is efficient if present 
in steel in small precipitates. The increase of the content 
of niobium does not improve the hardening effect to an 
economica!ly justif ied extent. Fig. 5 further proves that 
precipitates of an average size of 25 nm, vvhich can be 
found in microal loyed steel after normalizing, cause hardly 
a hardening effect . 

Practically only a part of precipitat ion hardening effect 
can be industrially exploited hovvever it is not negligible 

0 0.01 0.02 
Precipitates size d. pm 

t t i i 
0 0,02 0,04 0,06 

Content of Nb,% 
F i g u r e 5 . Relation betvveen the size of precipitates in steel vvith 

0 .03% Nb or N b C concentrat ion in 5 nm precipitates, and the 
increase of yield stress. 

S l i k a 5. Odvisnost med vel ikost jo izločkov v jeklu z 0 .03% N b oz. 
količino NbC v izločkih z vel ikost jo 5 nm in povečanjem meje 

plastičnosti. 

f rom the vievvpoint of the material strength. E.g. a small 
change in basic composi t ion of the steel vvith a yield stress 
above 350 N / m m 2 , and microal loying vvith n iob ium and 
vanadium can give a yield stress above 470 N / m m 2 , vvhere 
precipitation hardening due to format ion of vanad ium car-
bide during the cooling of steel af ter normal iz ing contributes 
for about 50 N / m m 2 . As already ment ioned, the precip-
itates formed in the approximate temperature range 570 to 
620° C are efficient. At lovver temperatures the format ion of 
precipitates is too slovv due to the slovv d i f fus ion of vana-
dium, and it could be exploited only by a longer annealing 
or in a very slovv cooling vvhich is economic only in coils. 
The effects of the diminut ion of grain size and of the pre-
cipitation hardening on the yield stress are additive, their 
influence on the other tvvo very important properties, the 
notch toughness and the ductile/brittle fracture transition 
temperature, is opposite. Diminished grain size increases 
the toughness and decreases the transition temperature vvhile 
the precipitation hardening has an opposi te effect . Fig. 6 
presents, according to data in ref .4 , some relat ions vvhich 
confirm the above conclusions for a standard as normalized 
Nb-V microalloyed steel. By thermal treatment, e.g. by 
normalizing and through the rate of cool ing, a rather dif-
ferent relation betvveen the yield stress and the toughness 
transition temperature can be achieved, even an unaxcept-
able transition temperature can be obtained vvhich nullifies 
ali the advantages of microal loying. 

5 Microalloying and hot deformat ion 

Most steel products are manufac tured by hot rolling vvhen 
the steel cross section is reduced f rom pass to pass at drop-
ping temperature till a final thickness of plate, strip or bar is 
obtained. A similar sequence of events is found by forgirig 
only the sequence of partial deformat ions is less uniform. 
During the rolling process the steel is cooled partially by 
radiation and the convect ion into the surroundings, and par-
tially by contact vvith the cool ing vvater, rolls, hammers or 
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F i g u r e 6 . Rela t ion b e t w e e n the grain size in as normal ized steel, the 
prec ip i ta t ion ha rden ing , and the yield stress increase due to the 

prec ip i ta t ion h a r d e n i n g ( A R e ) , and the notch toughness 
t rans i t ion t empera tu re (PT). 

S l i k a 6 . Odv i snos t m e d ve l i kos t j o kr is ta lnih z m v no rma l i z i r anem 
jek lu , oz . iz loč i lno u t rd i tv i jo in m e j o plast ičnost i p o v e č a n o zaradi 
iz loči lne u t rd i tve (ARe) ter p r e h o d n o t empera tu ro ži lavost i (PT). 

other cooler parts of equipnient . Because of the successive 
deformat ions the steel is in de fo rmed state for some time 
and it contains a great number of point and line defects. The 
rate of d i f fus ion processes in the deformed ntatrix is very 
fast. Jonas and covvorkers21 2 2 found that the nucleation rate 
of precipitates was for an order of magnitude faster during 
the deformat ion , and that the rate of precipitates growth in 
de fo rmed austenite was for two orders and during the de-
format ion even for three orders of magnitude greater than 
in not de fo rmed or in recrystallized austenite. The static 
recrystall ization vvhich el iminates f rom austenite the defor-
mat ion energy delayed for a few seconds corresponds thus 
to a 100 or even 1000 sec. long annealing. Any component 
which delays the recrystallization thus highly accelerates the 
proeess of precipitaton but only as long as austenite remains 
unrecrystall ized. As soon as the recrystallization is finished 
the rate of precipitation is diminished again. E.g. in labo-
ratory rolling of 12 m m plates f rom 60 m m billets the steel 
remained be tween the rolls for 0.47 seconds, and total time 
of rolling was 70 seconds. Let us assume a great rate and an 
un i fo rm precipitat ion in the period when steel is deformed 
betvveen the rolls. The rate of precipitates growths is de-
seribed by approximate cubic parabola which can be simpli-
fied for a rough evaluation into the expression t / ' / ' 5 % Kt, 
t being the time. The calculation shows that the ratio of 
precipitates size in unrecrystall ized austenite ( d a n ) and in 
recrystall ized austenite ( d a r ) is dan/dar = 4.5. If steel 
is rolled by uncompleted intetpass recrystallization and if 
it contains a small quanti ty of microalloying elements the 

unhomogenity of microstructure represented by the num-
ber of anormally grown grains is the greater the lower is 
the rolling temperature 9 , 2 because of the unhomogeni ty of 
precipitation during the rolling. During the rolling of low 
and medium alloyed steel wi th an austenite microstructure 
static recrystallizaton is the basic proeess for the elimina-
tion of deformat ion energy. Dynamic sof tening processes 
and static recovery are virtually negligible. In absence of 
interpass recrystallization static recovery rapidly eliminates 
the deformation hardening, and it does not change the size 
of austenite grains. Niob ium is the microal loying element 
which has the strongest delaying effect on the rate of static 
recrystallization of austenite. Two explanat ions are pro-
posed for the mechan ism of the effect of niobium. Tite first 
elaims that the effect is l inked to n iobium in solid solu-
tion in austenite2 4 . The proeess of static recrystalization is 
initiated on the grain boundaries , it seems thus that the inhi-
bition of formation of recrystall ization nuelea on boundaries 
is connected to the presence of n iob ium at these boundaries. 
Fig. 7 shows that the temperature of completed interpass 
static recrystallization of austenite is already by 0.02% nio-
bium inereased for about 100° C in the C r M n carburizing 
steel. The weight content of 0 .02% of n iobium means that 
the solution tn austenite contains appr. 1.1 n iobium atom 
per 104 iron atoms. A logic conclusion is that sueh a di-
lution could hardly influence the proeess linked to shifts 
of iron atoms and it seems justif ied to conclude that the 
austenite grains boundaries are richer in n iobium due to a 
segregation. This explanation is supported also by the fact 
that small amounts of n iobium improve the nardenabili ty of 
steel through the delaying the nucleat ion of ferrite below 
the t ransformation temperature. Thus n iob ium can hinder 
the formation of recrystallization nuelea and ferrite by a 
similar mechanism. 
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F i g u r e 7. Inf luence of the initial roll ing t empera tu re on the ratio 
length/width (R) and on the n u m b e r of unrecrys ta l l i zed aus teni te 
grains (P). Steel G : 0 . 1 4 % C . 1% M n , 0 . 8 5 % Cr, 0 . 0 2 % Nb, and 
0 . 0 0 7 8 % N; steel F: 0 . 1 6 % C , 1 .1% M n , 0.98%: Cr, 0 . 0 2 5 % Al, 

and 0 . 0 0 9 5 % N. 
S l i k a 7 . Vpliv zače tne t e m p e r a t u r e va l j an ja na r azmer j e 

dolž ina/š i r ina (R) in na š tevi lo nerekr i s ta l iz i ran ih z m austeni ta (P). 
J ek lo G: 0 . 1 4 % C, 1% M n , 0 . 8 5 % Cr, 0 . 02% N b in 0 . 0 0 7 8 % N; 

j e k l o F: 0 . 16% C, 1.1% M n , 0 . 98% Cr, 0 . 0 2 5 % Al tn 0 . 0 0 9 5 % N. 

The second hypothesis links the influence of niobium 
on the recrystallization on precipitates formed during the 
deformation. Two questions are not explained by this hy-



po thes i s : w h y the p rec ip i t a t e s of o the r mic roa l l oy ing ele-
m e n t s , e .g . T i C , and V N a n d A1N, vvhich are also f o r m e d 
du r ing the d e f o r m a t i o n , h i n d e r the s tat ic rec rys ta l l i za t ion of 
aus ten i te to a m u c h lesser e x t e n t (F ig . 8), and w h y the 
r ec rys ta l l i za t ion p r o c e s s t akes p l a č e w h e n the con ten t of 
n i o b i u m in so l id so lu t i on is d i m i n i s h e d b e l o w a l imit of 
about 0 . 0 0 5 % d u e to the f o r m a t i o n of prec ip i ta tes . Bo th 
e x p l a n a t i o n s of the e f f e c t of n i o b i u m are f o u n d in recent 
p a p e r s o n m i c r o a l l o y i n g , a n d it is lef t to the r eade r to c h o s e 
the m o r e p r o b a b l e s i g n i f i c a n c e we igh t i ng the s ign i f i cance 
of e m p i r i c a l f ind ings . 
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Figure 8. Influence of the content of various microalloying elements 
on the hindering temperature of static recrystallization of austenite. 

Slika 8. Vpliv vsebnosti raznih mikrolegimih elementov na 
temperaturo zaustavitve statične rekristalizacije austenita. 

In F i g . 9 the e f f e c t of ro l l ing t e m p e r a t u r e on the con -
tent of A1N and N b C in v a r i o u s s teels , and on the ferr i te 
grain s ize g i v e n as in te rcep t l eng th by ro l l ing 15 m m pla tes 
f rom 60 m m bi l l e t s in 7 p a s s e s is s h o w n . Ali the s teels 
were h e a t e d to 1 2 0 0 ° C b e f o r e the rol l ing. In steel vvith-
out n i o b i u m w h e r e the in te rpass rec rys ta l l i za t ion of aus ten-
ite is fas t a n d c o m p l e t e , on ly f e w prec ip i ta tes are f o r m e d 
during the ro l l ing a n d the i n f l uence of t e m p e r a t u r e o n the 
arnount of p r e c i p i t a t e s is h a r d l y p e r c e i v a b l e b e c a u s e at de-
creasing ro l l i ng t e m p e r a t u r e the con ten t of A1N f o r m e d dur -
ing the ro l l ing is ve ry s l o w l y ine reased . T h e p rec ip i t a t ion 
behav iour in n i o b i u m steel is s ign i f i can t ly d i f f e r en t b e c a u s e 
austenite r e m a i n s b e t w e e n p a s s e s fo r l onge r t ime unrec rys -
tallized, o r the q u a n t i t y of aus ten i t e w h i c h d o e s no t re-
crystal l ize at ali betvveen pa s se s is ine reased , and thus the 
precipi ta t ion is fas ter . B e l o w a l imit t e m p e r a t u r e aus teni te 
remains c o m p l e t e l y un rec rys t a l l i z ed b e t w e e n passes and the 
precipi ta t ion is a c c e l e r a t e d to sueh ex ten t that prac t ica l ly ali 
A1N and N b C are p r ec ip i t a t ed in the re la t ive ly shor t ro l l ing 
time of 1 m i n u t e . 

On the b a s e o f the p r o c e s s e s of recrys ta l l i za t ion and 
of p rec ip i ta t ion tvvo t e c h n o l o g i e s of rol l ing of m i c r o a l l o y e d 
steel w e r e d e v e l o p e d . In t h e r m o m e č h a n i c a l rol l ing the s labs 
are rol led to a t h i c k n e s s w h i c h is 3 0 - 5 0 % grea te r than the 
final t h i cknes s of p l a t e s , the ro l l ing is s t opped till steel t em-
perature d r o p s belovv a b o u t 9 5 0 ° C , and then the p la tes are 
rolled to the f inal t h i c k n e s s in scve ra l pas ses , the n u m b e r de-
pends on the s t r eng th of the ro l l ing s tand , and coo led in air. 
D e f o m i e d aus t en i t e is d u r i n g the e o o l i n g ve ry rap id ly t rans-
formed into f i n e g r a i n e d fer r i te and p e a r l i t e 2 5 , whi le A IN and 
NbC prec ip i t a t es h i n d e r the g r o w t h of fer r i te g ra ins a f te r 
the t r ans fo rma t ion . A finegrained m i c r o s t r u c t u r e wi th h igh 
strength and t o u g h n e s s is ob t a ined , and i! s u p p o r t s the p re -
cipitation h a r d e n i n g wi th V C d u r i n g the air eoo l ing of p la te s 
with an a c c e p t a b l e de te r io ra t ing e f f e c t o n n o t e h toughness . 

0 _L _ L 
1200 1100 

Initial rolling 
1000 900 

temperature , °C 

Figure 9. Relation betvveen the initial temperature of tvvo steel vvith 
a similar basic composition, one microalloyed vvith niobium, the 
amounts of A1N and NbC precipitated during the rolling and the 

grain size after air eooling. 
Slika 9. Odvisnost med začetno temperaturo dveh jekel s podobno 

osnovno sestavo, eno pa mikrolegirano z niobijem na količino A1N in 
NbC, ki sta nastala med valjanjem in na velikost zrn po ohladitvi na 

zraku. 

Thi s t e c h n o l o g y is app l i ed fo r s tee l m i c r o a l l o y e d vvith n io -
b i u m and v a n a d i u m vvhich c a n a c h i e v e y i e ld s t resses up 
to 5 0 0 N / m m 2 at e a r b o n c o n t e n t s belovv 0 . 1 5 % . S imi la r 
p roper t i e s are ob t a ined vvith the c o m b i n a t i o n of ro l l ing in 
less con t ro l l ed t e m p e r a t u r e r a n g e a n d n o r m a l i z a t i o n annea l -
ing. Fig. 10 r ep r e sen t s the v a r i o u s h a r d e n i n g m e c h a n i s m s 
in n o r m a l i z e d steel m i c r o a l l o y e d vvith a l u m i n i u m , n i o b i u m , 
and v a n a d i u m . 

T h e a d v a n t a g e s of m i c r o a l l o y i n g c a n b e e x p l o i t e d also 
t h rough the ro l l ing p r o c e s s vvith c o n t r o l l e d rec rys ta l l i za t ion . 
Th i s m e t h o d d e m a n d s an exac t h a r m o n i z a t i o n of s teel c o m -
pos i t ion vvith the d e g r e e of d e f o r m a t i o n a n d t he p a s s se -
q u e n c e , s ince the t e m p e r a t u r e a n d the pe r p a s s d e f o r m a t i o n 
m u s t enab le the c o m p l e t e i n t e rpa s s r ec rys t a l l i za t i on , and si-
m u l t a n e o u s l y also the f o r m a t i o n of p r ec ip i t a t e s vvhich h in -
de r the grovvth of r ec rys t a l l i z ed aus t en i t e g ra ins . F ig . 11 
presen t s m e c h a n i c a l p r o p e r t i e s of th ree s teel of s imi la r c o m -
pos i t ion vvhich vvere ro l l ed u n d e r c o n d i t i o n s of con t ro l l ed 
recrys ta l l iza t ion . In b o t h m i c r o a l l o y e d s tee ls m u c h be t te r 
p rope r t i e s are a c h i e v e d than in the c o m p a r a t i v e s teel dovvn 
to abou t 800° C w h e n the t r a n s f o r m a t i o n of aus t en i t e du r ing 
the rol l ing, the d e f o r m a t i o n h a r d e n i n g , and the f o r m a t i o n of 
t ex ture du r ing ro l l ing start to occur . B y the s a m e ro l l ing 
cond i t i ons the m i c r o s t r u c t u r e of v a n a d i u m s teel is m o r e h o -
m o g e n e o u s b e c a u s e of less of m i c r o s t r u c t u r a l u n h o m o g e n e -
ity due to the o r i n c o m p l e t e d i n t e rpa s s rec rys ta l l i za t ion . At 
stili lovver ro l l ing t e m p e r a t u r e s the d e f o r m a t i o n h a r d e n i n g , 



2 0 m m pla te f rom s tee l w i t h 
0,18 C ; 0.4 Si , U M n ; 0.02P , 0 .025AI , 0.0042Nb 
0,06V, 0.12Cr , 0,21 Cu , 0,10Ni, normal ised 
y ie ld stress 4 8 8 N / m m 2 , g r a i n size ASTM number l ! 
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F igure 10. Consti tution of yield stress in a 20 m m sheet of 
normalized microalloyed steel with 0 .18% C, 0 .4% Si, 1.4% Mn, 

0 .025% Al, 0 .042% Nb, 0 .06% V, 0 .12% Cr, 0.21% Cu, 
and 0 .10% Ni. 

Sl ika 10. Zgradba meje plastičnosti v 20 m m pločevini iz 
normaliziranega mikrolegiranega jekla z 0 .18% C, 0 .4% Si, 1.4% Mn. 
0 .025% Al, 0 .042% Nb, 0 .06% V. 0 .12% Cr, 0.21% Cu in 0.10%- Ni. 

micros t ruc tura l nonhomogene i t i e s , and strain anisotropy in-
crease , therefore a too low finishing temperature has a harm-
ful e f fec t . An even h igher strength can be achieved by 
a p roper coi l ing tempera ture since slow cool ing enables a 
greater prec ip i ta t ion hardening. 

6 E c o n o m y of microa l loy ing 

Microa l loy ing is the m o r e eff icient the more dispersoide 
is d i sso lved at hea t ing before hot vvorking. The quanti ty 
of d issolved d isperso ide is the greater the closer are the 
concen t ra t ions of the const i tut ing e lements to the stoichio-
met r ic ratio; e.g. the amount of d issolved A1N in austenite 
will be the greatest if the weight contents of a lumin ium 
and n i t rogen in steel are 2 : 1. A too great deviat ion of 
o n e or the o ther e lement causes that less dispersoide is dis-
so lved in austeni te , and less precipi ta tes are fo rmed during 
the rol l ing and the cool ing. This expla ins why at high alu-
m i n i u m contents , over 0 .04%, austenite grains are coarser 
and less s table than at a lower content of a luminium and at 
the s a m e content of n i t rogen about 0.01 %. 

For the stabili ty of austenite grains the nature of pre-
c ipi ta tes is not important , only their number and stability 
mat ter , or more correctly, the number of precipitates per 
unity of v o l u m e of austeni te . Theoret ical ly the presence of 
about 0 . 0 3 % A1N or of a cor responding quanti ty of other 
d i sperso ides of precipi ta tes of equal size is needed to at-
tain a suff ic ient stabili ty of austenite grains. The contents 
of microa l loy ing e lements and of d ispersoide phases giving 
equal v o l u m e densi t ies of precipi tates are given in Table 1 
for the mos t f requen t dispersoides . Alumin ium assures a 
suff ic ient densi ty of precipi ta tes already at the lovvest con-
tent, whi le the highest content is required in the čase of 
v a n a d i u m carb ide s ince this carbide is much more soluble 
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Figure 11. Influence of fina! rolling temperature on the properties of 
three steel (Ref.-6). 

Slika 11. Vpliv temperature na koncu val janja na lastnosti treh jekel. 
Po viru2 6 . 

in austenite than other phases . Fig. 4 s h o w s the influence 
of vanad ium and n iob ium in a čase ha rden ing C r M n steel 
of the same compos i t ion , and vvithout a lumin ium. o n the 
size of austenite grains af ter annea l ing at the temperature 
of 920° C 1 6 . The equal e f f ic iency in h inder ing the austenite 
grain grovvth is achieved by an about 5 t ime smal ler content 
of n iobium. The reason is the previous ly men t ioned higher 
solubili ty of vanad ium carboni t r ide in austeni te at the nor-



mal iz ing tempera ture . T h e better ef f ic iency of n iob ium in 
the control of the austeni te grain size indicates that it is a 
more e c o n o m i c microa l loy ing e lement . Its deficiency is a 
lower precipi ta t ion hardening dur ing the cooling af ter the 
normal iz ing , thus the proper t ies of steels are intproved onIy 
because of grain refining. In order to es t imate the econonty 
of mic roa l loy ing it is necessary to knovv also the interact-
ing e f fec t s of d isperso ide phases , i.e. the capabil i ty of an 
element to dis integrate the d i sperso ide phase of other ele-
ments , the reactivi ty of microa l loy ing e lements with other 
e lements in steel vvhich do not fo rm efficient dispersoide 
phases , the d i f fus iv i ty of microal loying elements , and their 
min imal eff ic ient conten ts . Data on the free fomia t ion ener-
gies of d isperso ide and on the di f fus ivi t ies of microal loying 
e lements in aus teni te are gathered in Table 2. The higher 
is energy of f o m i a t i o n the greater is the stability of the 
dispersoide phase . 

Table 1. 

Element Dispersoide 
A, % B, % 

Al 0 .01 Al 0 .015 at 0 .008 N A1N 
N b 0 .024 N b 0 .036 at 0 .18 C N b C 
Ti 0 .015 Ti 0 .022 at 0 .18 N TiC 
V 0 .018 V 0 .039 at 0 .02 N VN 

V 0 .15 at 0 .18 C v c 
V 0 .05 at 0.5 C v c 

A—Content of microalloying element vvhich ensures an equal 
volume of precipitates, and 
B—Minimal content of microalloying element vvhich hinders 
the grovvth of austenite grains at 920°C. 

Table 2. Free energies of fomiation of dispersoide and the 
diffusivit ies of constitutive metals 

Free ene rgy of fomia t i on Diffus ivi ty , c m 2 / s 
kca l /mole kca l /mole at 920° C 

A1N 46 .7 Al 7.0 x 1 0 - y 

TiN 53 .5 T iC 4 0 Ti 7 .3 x 1 0 - 1 2 

V N 17.5 V C 18 
N b N 32 N b C Nb 8 .85 x 1 0 - 1 2 

The mos t s table c o m p o u n d is t i tanium nitride. At si-
ntultaneous p re sence of several microal loying elements , ni-
trogen vvill in equ i l ib r ium condi t ions first of ali bind to tita-
nium, probably a l ready in the melt , dur ing the solidification, 
or soon a f te r the sol idif icat ion of steel. Ti tanium consumed , 
nitrogen can b ind to a lumin ium, then to n iobium, and finally 
to vanadiunt . Th i s o c c u r s only at annealing vvhich ensures 
the equi l ibr ium. By shor ter anneal ing, also at nomial iz ing, 
also the rate of prec ip i ta t ion rnust be considered. The latter 
is the higher the h igher is d i f fus iv i ty of cat ions in austenite 
(nitrogen and ca rbon are interst i t ials and their diffusivi ty 
is for several o rders of m a g n i t u d e greater, therefore their 
diffusion can be neglec ted vvhen c o m p a r e d vvith that of alu-
minium, t i tanium, etc.) . The re fo re the highest fomia t ion 
rate vvould be expec ted for A1N, than by VN, N b N , and fi-
n a l i TiN. T h e rate of precipi ta te fomia t ion depends also on 
the content of microa l loy ing e l emen t s in the ne ighbourhood 
of precipitation nuelea . The greater is the content expressed 
in atom.% the h igher is its amoun t in precipi tate though its 

d i f fusivi ty is lovver than the d i f fus iv i ty of e lement vvith a 
smaller content in steel. 

Aniong the carb ides the mos t s table is t i tan ium carbide, 
follovved by n iobium, and finally v a n a d i u m carbide vvhich 
is comple te ly dissolved in austeni te a l ready at the normal iz -
ing temperature. Also the solubil i ty of v a n a d i u m nitr ide is 
relatively high. Thus v a n a d i u m is eff ic ient as microa l loying 
e lement for the control of austeni te grain size only at con-
centrat ions above 0 .1%, vvhile at lovver conten ts it p roduces 
a precipitat ion hardening if sueh ha rden ing is poss ib le due 
to the thermal regime. 

Microal loying e lements react also vvith o ther e l ements 
and fo rm compounds vvhich do not ha rden the steel nei ther 
influence the mobil i ty of austeni te grain boundar ies , thus 
they have no inf luence on the grain size. E.g. a lumin ium 
is first bound to oxygen and only then to n i t rogen. Similar 
is the behaviour of t i tanium vvhich reacts addi t ional ly also 
to sulphur. N iob ium and v a n a d i u m react in normal ly de-
oxidized steel only to n i t rogen and ca rbon . The re fo re the 
microal loying vvith a lumin ium and t i tan ium is eff ic ient only 
if care is taken that they are not c o n s u m e d in react ions to 
oxygen or oxygen and sulphur. 

Consider ing ali the influential parameters , the microa l -
loying vvith a lumin ium is the least expens ive . In steel m a n -
ufac tured by mel t ing in electric are f u m a c e o n e ftnds habi t-
ually 0 .008 to 0 . 0 1 2 % ni t rogen and thus vvith 0 .02% alu-
min ium vvhich is not bound to oxygen a suff ic ient stability 
of austenite grains is achieved if the annea l ing tempera-
ture does not exceed 9 2 0 ° C . For addi t ional sa fe ty a higher 
content of a lumin ium 0 .025 to 0 . 0 3 0 % is r e c o m m e n d e d . 
Greater amount does not increase the e f fec t of microa l loy-
ing since the solubil i ty of A1N in austeni te is d imin ished and 
a higher temperature of hea t ing of the steel be fo re rolling 
is required. This is not economica l and it is o f t en also 
ha rmfu l for the steel proper t ies af ter the rol l ing. A higher 
a lumin ium content is also not requi red for deoxida t ion since 
already 0 .01% Al reduces the solubil i ty of o x y g e n in steel 
melt to about 5 p p m 2 7 . A l u m i n i u m does not bind to car-
bon and sulphur therefore its e f f ic iency d o e s not depend 
on the amount of those tvvo e lements in steel. Data on 
the A1N solubili ty in austeni te conta in ing m e d i u m and high 
concentra t ions of ca rbon are not d isponible , therefore it is 
not knovvn vvhether the solubili ty p roduc t in those steels is 
equal to that in steel vvith up to 0 .2% C. Also if the solubil-
ity product vvould be the same, a d i f ferent e f fec t of the same 
quant i ty of precipi tates as in the lovver ca rbon steel is to be 
expected. The reason is that the mobi l i ty of austenite grain 
boundar ies depends also on the sur face energy of austenite 
vvhich fur ther depends on the quant i ty of a l loying e lements 
and impuri t ies in solution. 

Ti tanium diminishes the e f fec t of A1N since it could 
desintegrate this phase at longer annea l ing , e.g. dur ing the 
čase hardening anneal ing. T i tan ium dec reases also the e f -
fect of n iob ium and vanad ium. T h e r e f o r e the combina t ion 
of t i tanium and other microa l loy ing e l emen t s does not g ive 
an effect proport ional to the level of a l loying. Also the 
combina t ion of a lumin ium and v a n a d i u m is not especial ly 
efficient at a normal ni t rogen content , it is successfu l only 
by a ni trogen content of above 0 . 0 1 5 % and a v a n a d i u m con-
tents over 0 .1%. This is used in m o d e m steel for thermo-
mechanica l (control led) die forg ing of parts fo r car motors . 
Forgings m a d e of those steel do not require the heat treat-
ment after forging because the cont ro l led cool ing ensures a 
suitable micros t ructure of steel and the required combina-
tion of strength and toughness . This steel conta ins also 0.01 
to 0 .02% Ti vvith the a im that TiN precipi ta tes fo rmed at the 



cool ing after the solidification (Fig. 12), hinder an exces-
sive austenite grain growth during the heating before the die 
forging. In order to achieve an efficient complex microal-
loying of such steel vvith aluminium, nitrogen, vanadium, 
and t i tanium it must be continuously čast into billets vvith a 
cross sect ions up to 150 x 150 m m vvith magnetic stirring. 

Therefore it is evident that the most suitable combina-
tion of microal loying elements in standard steel vvith normal 
nitrogen is a luminium, niobium, and vanadium. The first 
is bound to nitride, the second into carbonitride vvith about 
9 0 % of carbide, therefore they do not interfere mutually. 
Both are efficient during the rolling, vvhile vanadium con-
tributes for the precipitation hardening during the cooling 
f rom the roll ing or normalizing temperature. Niobium also 
does not react vvith oxygen and sulphur therefore it is ali 
available for the improvement of steel properties. 

ti 
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Figure 12. T iN precipitates in steel vvith 0.32% C, 0.02% Ti , 0.015% 
N, 0 .12% V, 0 .025% Al, 0 .60% Si, and 1.4% Mn. Carbon extraction 
replica vvas prepared f rom a die forged shaft. TiN precipitates vvere 

fo rmed during the cooling belovv the solidification temperature of 
steel. 

Slika 12. Izločki TiN v jeklu z 0 .32% C, 0 .02% Ti, 0 .015% N, 
0 .12% V, 0 .025% Al, 0 .60% Si in 1.4% Mn. Ogljena ekstrakcijska 
replika je bila pr ipravl jena na u topno skovani ojnici. Izločki TiN so 

nastali pri ohla janju kmalu pod temperaturo strjenja jekla. 

Titanium also reacts vvith oxygen and sulphur, therefore 
an economic microal loying required a good preceding de-
oxidat ion and desulphurisat ion of the steel, i.e. oxygen and 
sulphur must be bound to a luminium and calcium before 
t i tanium is alloyed. The solubility of t i tanium nitride in 
mol ten steel is small , and TiN is formed in the melt already 
by 0 .02% Ti and 0 .015% N. Titanium nitride formed in the 
mel t on during the solidification is useless or even harm-
ful . Recent re ferences 2 8 r ecommend the titanium contents 
in steel for controlled forging to be close to 0 .01% vvhich 
ensures that more nitrogen is free for binding into VN pre-
cipitates belovv the solidification temperature vvhich hinder 
the grain grovvth at heating before the forging. 

In general for structural steels the aluminium/niobium/ 
vanad ium combinat ion is the most efficient and the majori ty 
of microal loyed steel is based on. The steels for controlled 
forging and some steels for strips represent an exception. 
Additional ef lec ts are due to the fact that niobium strongly 
hinders the inteipass static recrystallization of austenite al-
ready at the level of microalloying. Titanium is used in 
some hot rolled strips, steels for controlled forging, and čase 
hardening steels vvith higher grain stability and a narrovv-

band hardenability microal loyed also vvith boron. The role 
of t i tanium in these steels is not the control of austenite 
grain size or precipitation hardening but the prevention of 
the binding of boron to ni t rogen vvhich is a precondit ion for 
the strong boron effect on steel hardenability. 

7 Summary 

The paper gives a short revievv on the influence of alu-
minium, niobium, t i tanium, vanad ium and nitrogen as mi-
croalloying elements on the properties of steel. The size 
and stability of austenite grains, dispersoide phases formed 
f rom microalloying elements , precipitat ion hardening, in-
fluence of microalloying e lements on the hot deformat ion, 
and the economy use of various elements for microalloying 
of steel are discussed. 
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