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Effect of Mg Addition on Nucleation of Intra-granular Acicular
Ferrite in AI-killed Low Carbon Steel
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Abstract: T o verify the for mat ion behaviors and mechan isms of intra-granular ac icula r ferr ite O AF) grai ns nucleated

by Mg-Al-O in low carbon steel. the steels conta ining diff er en t Mg cont ents we re refin ed in a vac uum induct ion fu r

nace. T he effect of Mg addit ion on the formation of IAF st ruct ure in Alkillcd low car bon st eel was investigated by

optical m icroscope ( O M ) and scanning electron microscope wit h energy dispersive X- ray spectroscope (SEM-EOX).

It revea ls that th e IAFs are on ly det ect ed in Mg-added st eels . and the volum e fraction of IAF increases wi th the Mg

con centrati on from 8 X 10- 6 to 26 X 10- 6
• It shows that not only t he MgO-AI, 0 3 -MnS and MgO- AI, 0 3-1', 0 , pa rt i

cles are the effect ive nucl eation sites for IAF . bu t also the pure MgO • A I, 0 3 ph ase can pro mo te the ferr ite nucl ea

tion. A Mn-dcp lctio n zone (MOl) is charact erized adjacent to the MgO -Al,03-Mn S. which is believed to be one of

the possible mechanism s to exp lain the IA F nucl eation . T he MO Z around the MgO- AI, 0 3-Mn S inclus ion would be

induced by the Mn S preci pitation on th e inclu sion . It see ms that the ability of Mg-containing inclus ions to induce the

nucleation of ferrite m igh t be attributed to a new mechan ism. i. c. • the P- rich zone for med on a few Mg-Al-O inclu 

sions m igh t be anothe r factor for pr omoting the IAF formation.
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I t is gen erally accepted that intra-gran ular ac ic

ular ferri te OAF) st ructure whi ch of ten nuclea tes on

non-metallic inclusio ns can refine th e aus tenite gr ains

and improve the to ughness of we ld m etal and/ or the

hea t affected zone (HAZ) of s teel we ldme nts' J' ' ". In

1900, M izoguchi and T akamura[6.7J proposed a new

concept of oxide m etallurgy b y u tili zing some specia l

non-metall ic incl usions to nucleat e IAF s t r uct ure ,

which fin all y led to the refinemen t of the mi cro

st ruct u res . Therefore , the oxide m etallu rgy tech nol

og y has been widely discu ssed si nc e then.

Among the various non-metall ic in cl usions

which a re consid ered to be the eff ect ive heterogen e

ous nuclei for IAF durin g co oling, T ixO y inclusions

hav e been recognized as the m ost effec ti ve nucleat ion

si tes for IAF[8-10J. On the other hand , m agnesium

has even a stronge r aff in ity for oxyg en and s ulf ur

than that of titani um. I t m eans that Mg addit ion can

easily di s tribute fin e oxide inclusions in s teel, such

as MgO, MgO • T ixO y , M gO • AI,03 ' etc. By

co m pa r ison, M gO • Ti, O y has been considered to

be effect ive si tes for ferrit e format ion by variou s re

searchers[ll. l' J. However , there are st ill some di sa

greements on the effects of MgO • AI203 inclusions

on the developmen t of IAF s t ructure. For exam ple ,

in 2009 , Sarma et a l. [5J revi ewed the rol e of incl u

s ions in the nucleat ion of acicula r ferrite in s teels ,

and poin ted ou t that MgO • AI,03 was in ert for IAF

nuclea t ion. However , in 2011 , W en et a l. [13J ca lc u

lat ed the latti ce dis regi stry among M gO • AI 203 and

«-Fe , and found that the value is only O. 6% . Then,

they concl uded that the M gO • A I, 0 3 can induce the

IAF formation accor ding to the latt ice m ismatch

concept proposed by Bramfi t t[14J. R egre t tably, the

pure MgO • AI,03 wh ich induces IAF fo rma tion

was not det ected in the paper, and som e other ele

m ents, incl uding Mn , S, and Si , coe xis t w ith M g

AI-O in inclusion. Besides, in 20 15 , Kong et a l. [1 5J
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have reconsidered the effect of the M g- AI- O incl u

sion on the IA F n uclea t ion , b ut t hey s ti ll fai led to

con fir m w hether t he pure M g O • A l, 0 3 can promote

the IA F form at ion. In their litera t ure , the associated

Mg-A I-O inclusions were chemically hom ogeneo us

coexisted wit h Mn , S , an d Si elements. Moreover,

they proposed that the m agnesium vacancy existed

in MgO • A l, 0 3, and ascribed the IA F for mation

mechanism to the Mn-depletion zone (MDZ) around

the M g O • A l, 0 3 incl usion , which is no t consistent

wi th the results of Wen et al. [1 3J. A bove all, the in

nuence of MgO • Al, 0 3 on the formation of IAF in

steel sho uld be fur t her cla r ified .

The previous paper[l6J has confirm ed that M g

ad dition tende d to promote the bainite transfor ma

tion as a result of the nuclea t ion of ac icu lar fe r ri te in

low carbon steel. But the possib le mechanisms of

IA F nuclea tion were no t disc ussed in previous paper.

In this st udy, t he for mation of IA F s tructure was

fu r ther inves ti ga ted in M g- AI deoxi dized low carbon

steel, and another steel with low er Mg content was

s tudied as well. T he possib le m ec hanisms of the in

tra-granula r n ucleat ion by Mg-AI-O in cl usions w ere

discussed.

1 Experimental Procedure

Three 30 kg ingots of AI-killed low car bon st eels

w ere manufactured by a vacuum in d uction furnace.

As Mg has re lat ive ly high vapor pressure at stee l

making temperatures, after adding Fe-AI alloy, some

N i- 18 % Mg alloys were de liberately int roduced in to

the liquid s teel with the inside pressure of the furnace

at abou t - 0. 03 MPa by blowi ng into th e Ar gas. After

th at, the liquid steel was kept for 1 min and then cast

in to in go ts. T abl e 1 shows the che m ica l com posi

tions of the specimens, in which the SI is the steel

wi t h no M g addi tion , S2 and S3 are M g-ad ded

s teels, an d the additions of Mg by using Ni -Mg alloy

are O. 02 4 mass % and 0.072 mass %, respectively.

The obtained ingot specimens were used for in-

Table 1 Chemical compositions of experimental steels mass %

Steel C Si Mn P S 0Ji Al Nb T i 01 0 Mg

SI 0. 05 0. 23 1. 53 0.009 0.003 0. 29 O. 03 0.04 O. 014 O. 007 6 O. 0037

S2 0. 05 0. 21 1. 51 0.008 0.005 0. 29 O. 03 0.04 O. 014 O. 006 6 O. 004 1 O. 000 8

S3 0.05 0. 20 I. 55 0.008 0.005 0. 31 O. 03 0.04 O. 013 O. 006 5 O. 004 a O. 002 6

elusion and m icro str uct ure o bs erva tio n. The charac

teristics of inclusions in the speci m ens wi t h diff erent

Mg conc en t ra t ions were systematically invest igated

b y using scanning electron microscope (SEM, Shi

nadzu SSX-550TM) equipped with energy dispersive

X- ray spectroscope (EDX) and thermodynamic ca l

cu lations. M icrostructure characterist ics of the speci

m ens et che d by 3 vol. % nital solutio n w ere charac

ter ized by bo th op tica l microscope (OM, ZEISS-Axio

Imager M2m ) and SEM. Moreover, t he m apping

scanning analysis and line sc anning analysis about

the inclusions re lated wi th IA F structures were in 

vestigated by fiel d-emission trans mission microscope

(FETM, U ltra Pl us , ZEISS) equippe d with an EDX.

2 Results and Discussion

2. 1 Inclusions observation of the steels
T he typical in clusions in stee ls a re shown in

Fig. 1. Wi t ho ut Mg ad dition , t he detec ted inclusions

a re mainly proved to be A lz 0 3-M nS, as shown in

Figs. l(a) - l( d). After ad ding 8XlO - 6 Mg in to t he

melt, the morpho logy of the inclusion is similar to

that of the SI sample. However, the central oxide

phase is fou nd to be A I-Mg-O and the con t en t of Mg

is generally below 10 m ass %, w hic h m eans t ha t the

major constituent of the oxide is M gO -depl eted mag

nesia- spi nel. A fter increasing the concentration of Mg

to 26 X 10- 6
, three types of inclusions are observed: (i)

MgO- Alz 0 3-PZ0 5 (-MnS); (ii) M g O - Al z 0 3; (ii i)

M g O - A l, 0 3- MnS, wh ich are shown in Figs. 1 ( i) 

l( 1) , respec tively. Compared wit h the S2 sa mp le, th e

con ten t of Mg is increased to the range of 15 mass % 

40 mass% . T he ra tio of Mg to A l concen tration in the

centra l oxide phase is calculated to be abou t 1 : 2 or

above th is rat io. Then , it is inf erred that the central

oxide is m od ified to be magnesia-spinel and MgO 

r ich magnesia-spinel.

T he above-m entioned expe r ime n ta l o bs erva tions

are explained b y the thermodynamics of inclusion

form a tion as a function of Mg content, which was

calcula ted us ing FactSage 6. 4 software with t he da

tabases of FactPs and FSstel. The phases included in

the calculation were liquid , Alz0 3 , MgO, MgAlz0 4 ,

T iO , Ti z0 3 , 'r.o, , T i3 O s, MnS and M gS. Fig. 2 re 

presents the ca lc ula ted equi librium of the thermody

namicall y s ta bi lized inclusions in sa mples a t a speci fic
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Cal -Cd) Inclu sions in SI sample wit ho ut Mg addit ion; Ce)-C h) Inclusion s in S2 sample with low Mg addit ion;

Cj) - CD Incl usions in S3 sample wit h high Mg addi tio n.

Fig. 1 SEM morphologies and EDX compositions (mass%) of typical inclusions in samples
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Fig. 2 Calcul ated equili br ium of inclu sions in samples

temperature of 1873 K. The compositions (mass% )

of basic elements used for the calculat ions we re fixed

as CO. 05, Mn 1. 53 , Si O. 20, P O. 008 , SO. 005, A l

0.03, T i 0.0 14 , and 0 0.004, which w ere sa m e as

the chemica l co mposi tions of t he s teels. T he calcula 

tion res ults confir m that the core oxides are m od ifi ed

with Mg addition , from A lz 0 3 to A lz 0 3-MgA lz 0 1

and MgAl, 0 4 -MgO . It is also reveal ed by calc ula tion

that there is no T i, 0 y for m ed in all the s teels, and

the M nS incl usions are fo r med d ur ing the so lidifica

tion process. Actually, the resu lts agree we ll with

the ex perimental observat ions.

On the ot her hand, the sizes and total number

of the inclusions are also determin ed qua n ti ta tively

usin g SEM, o bs erving si xty-fo ur vis ua l fields of

each sa mple. The size dis tribu tions and number den-

sity of inclusion s in steels are su bsequen tly in terp re

ted w ith Im age Pro Plus 6.0 so ftware, and the re 

s ults a re shown in Fig. 3. It can be fou nd tha t the

size of inclusions in all samples is mainly within 3 p.m,

and the percentage of inclusions in the range of O. 4 

1. 5 p.m tends to increase for the Mg- ad ded samples.

Sim ul ta neously , as can be seen from Fig. 3 ( b ), the

number den sit y of incl usions in S2 sa mple wi t h 8 X

10- 6 Mg is si mi la r wi t h that of S I sa mple , w hi le it

is o bvious ly increased fo r the S3 sa m ple wi t h 26 X

10- 6 Mg. It suggests that moderate Mg add ition

could contribute to refine the incl usion size an d in

crease the inclusion number den sit y. The differ en ces

in the siz e and the number den sit y of inclusions in

three sa m ples m ight be attri buted to the fact that

Mg-oxides are not susceptib le to growth by collision
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Fig. 3 Character istics of the inclusions in all samples

and agglomera tion because they have op ti m u m wet 
tab il it y[1I.17-2oJ.

2. 2 Microstructures characteristi cs of the steels
Optical micros tructures of t he s teels are presen 

ted in Fig. 4, fro m which the volume frac tions of differ

ent micros truct ures such as pol ygonal ferri te ( PF),

pearlite (P) and TA F are characterized as presented

in Table 2. The vo lume fractions of microstructures

are determined qu a nti ta tive ly using V NT. Q ua nt

Lab -MG software and observing twenty fields of

each steel a t a magni fication of 200. The TA F struc

tu re is determ in ed based on its chaotic arrangem ent

of ferri te pla tes facing in many differen t direc tions

wi t hi n austenite grain[21J.

For Sl st eel, it consists of large amount of PF and

a small proportion of P, but no TA F is detected. The

average size of fe rrite is nearly 5 4 p.m. A fter adding

( a) S l ; (b) S2 ; (cJ S3.

Fig. 4 Microst ructures of experimental steels

Mg into the m elts , a certain amount of TA F is ob

served besides the P F and P phases, as shown in

Figs. 4 (b) and 4 (c). Moreover, the volume fraction

of TA F increases intensively with the concentrat ion

of Mg fro m 8 X 10 - 6 to 26 X 10- 6
, and the av erage

siz e decreases to abou t 36 p.m and 24 p.m , r espec

t ivel y. Maybe the inclusions density is not large enough

for promoti ng TA F under the pres en t condition,

whi le the vo lume fraction of TA F is re latively low as

Volume frac tions of PF , P and IAF in steelsTa ble 2

Steel

Sl

S2

S3

PF

91. 5 ± 0. 90

90. 8± 1. 20

83.1±1.80

Volume Ir action/vol , %

P

8. 50 ± 0.90

5. 10± 1. 16

3. 50±0. 10

1AF

o
1. 12 ± 1. 13

13.1 ±1. 50

13 vo l. % even in S3 sample. T h is might restrict the

application of t he s teel w hen h igh toughness is qui te

needed. Nevertheless, the present study indicates that

the TA F can be p rom oted w ith Mg addi t ion, which

would result in t he refinem ent in m icrostruct ures.

2. 3 Formation behavior and mechanisms of IAF
gra ins from non-metalli c inclusions

To ac count for the TA F existing after adding

Mg , the etche d microstruc ture of M g-ad ded s teels

were fur the r observed b y SEM-EDS, an d more

t han fif ty rela ted incl usions w ere random ly charac

terized . T he typ ical TA F grains associated wi t h Mg

containing particles in Mg-a dd ed steels are shown in

Fig. 5.

For S2 s teel, it is noted tha t t he M g O -AI 20 3 

M nS inclusions can be the effect ive nucleation of TAF.
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Fig. 5 SEM micrographs of IAF grains associated with inclusions in steels

According to the res ults of section 2. 1 , the do mi na

ted inclusions are modi fie d into MgOvA l, 0 3-MnS

in clusions for S2 steel. I t m ean s that the IA F nucle

ated in S2 sample is ge nerally due to the inc lusions

cha nging fro m A lz0 3-MnS to M g O -Alz0 3-MnS.

F rom the elem en t m appin g res ults ( Fig. 6) , it is

seen that the MnS is being in the outer su rface of the

oxide incl usion , which is d ifferent fr om the resu lts

of Kong et a t. [1 5J . In their li tera tu re , the associated

Mg-A l-O incl usions are sp herical and chemically

homogeneous coexis ted with M n , S , and Si el e

m en ts. In ad dit ion, they poin ted out that the magne

si um vacancy exists in MgO • A l, 0 3 inclusion , and

ascribe d the MDZ ad jacent to the MgO • A l, 0 3 in 

clusion was induced by the a bsorption of M n fro m

s teel m atr ix by MgO • Al, 0 3. H owever , in fact, it is

quite deba ted tha t whether th ere are abundant cation or

anion vacancies in MgO • A l, 0 3 or no t so far . For

exam ple , W en et a t. [13J have explicitl y proposed tha t

no cation or anion vacancies are present in MgO •

A l, 0 3, Despi te this, there has been another view

point in rega rds to the M DZ formation around the

specific in clusion besides the ca tio n or anion vacan

cies m ech anism. For ins tance, Furuhara[ZzJ proposed

that MDZ can be induced b y the MnS p recipita tion

on Ti, 0 3 during cooling process, and the MnS phase

usually loca tes in outer skin of the oxide inclusion.

Moreover, Deng et a t. [Z3J have found that an M DZ is

a lso ad jacen t to the ( M n-AI-Si-Ti-La-C e-O) -M nS in

clusion, and ascribed th is phenomenon to the MnS

p recipi ta t ion on the inclusion.

To confirm the existence of MDZ, the local che m 

istry dis t r ib ut ion, es pe cia ll y for M n and S, nea r t he

s peci fic M g Oi-A l, 0 3-MnS in S2 steel was fur th er st u-

Fig. 6 Element mapping pattern of MgO- AI, 0 3 - MnS inclusion s nucleating IAF in S2 steel
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die d , and the res ul ts ar e shown in F ig. 7. It ca n be

seen that a MDZ indeed form s be tween the steel m a

trix and MgO cA l, 0 3-M nS. Based on the di scussio n

and thermod ynamics ca lc ula tion, it can be concl uded

that the MDZ aro und the M gO -Alz03-MnS inclu

sion tends to be induc ed by the MnS prec ip it ation on

the oxid e incl us ion . Thus, the M DZ adjacent to the

MgOvA l, 0 3-M nS in clu sions wo uld be an im portant

fact o r fo r promoting IAF nucleat ion because Mn is

an aus teni te stabiliza tion el em en t.

F or S3 st eel , two typical incl usions t yp es asso 

ciated with IAF were de tected. A la rge prop or ti on of

the incl usions is A lz0 3-MgO, as shown in F ig. 5 Cb ).

M oreov er, based on the el em en t m appin g figure

CF ig. 6), it is real ized that the incl usio n is pure

A l, 0 3- MgO phase. I t indica tes that the pure M gO •

A l, 0 3 can indeed induce the IA F format ion, which

do es not agree wi th the res ults of Sarma et at. [5J . Fur

thermore, this could be provided as a fur ther evidence

for the theoretica l ca lc ula t ion from Wen et a t. [13J.

In add ition , it is seen that the IAF is nucleated

on the A l-Mg- P-O in clusion , w h ich is quite diff eren t

fr om the previo us research es. In fact, Sun et at. [Z4J

hav e pr evious ly proposed M gO -rich incl usions m ight

usually contain a cer ta in amount of phosphoru s due to

o 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Distance/prn

Fig. 7 Line sca nning an alysis result of typical

elements around the MgO-AI,O,-MnS

inclusions in S2 steel

Fig. 8 Element mapping pattern of MgO • AI, 0 , inclusions nucleating IAF in S3 steel

the st rong aff in ity of Mg w it h P in iron m el ts. O n

the other hand, W en et at. [13J poi n t ed out that a Si

enriched zo ne formed on the MgO -A l, 0 3-SiO z inclu

sion can be one of the po ssible m ech ani sms to n ucle 

a te the fer rite forma tion due to that Si is a ferri te el

ement. In th is st udy, it sho uld be noted that several

fact ors a re s ti ll different fro m W en et at. [13J , s uc h

as the co ncentra tion of ca rbon and si lico n ele men t s

in steels, bo th of w hi ch a re m uch hi gher than the

pres en t s t udy. Thus , the Si enriche d zone accom pa 

n ied by M gO • A l, 0 3 is not det ec ted , but t he A l

Mg-P-O in cl usio n is detected. It can be in ferred that

a P- ri ch zone accom pa n ying wit h A l-Mg-P-O in cl u

sion wo uld be form ed . I t is in teres ti ng that P is a

s trong ferrit e s ta bi liza tio n el em en t lik e Si. Then the

P-rich zo ne m ay a lso assis t the for ma tion of IA F in
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steel. In fact, Liu et al. [ 2SJ have found that phos

phorus is fr equently observ ed accompanying with

iron sulfide, and they considered that the P-rich

zone adjacen t to the inclusion might promote the nu

cleation of ac icula r ferrit e in steel. Bu t they failed to

find phosphorus ac com panied wi th oxide inclusion.

Moreover, similar results w ere reported by U m eza 

wa et al. [ Z6J and Yoshida et al. [ Z7] for investigating

the effect of phosphorus on the promotion of ferrite

nucleation. Unfor tunat ely, as the phosphorus con

centration is rel atively low as SOX 10 - 6 in s teel , the

number of Al-Mg-P-O inclusions is small. N ev erthe

less, it is concluded that the Al-Mg-P-O multiphase

particles ca n be nuclea tion sites for IAF in s teel, and

the P-rich zone formed on the inclusion might be an

other factor for promoting the IAF grains formation.

Moreover, further investigations are still need ed to

clarify thes e phenomena.

3 Conclusions

( 1) The IAF structures a re promoted by Mg

addition, which is mainly due to the dominant oxide

inclusions changed from Alz03 to Alz03-MgO, and

the volume fraction of IAF s tructure in creases wi th

increasing the concentra tion of Mg.

(2) It reve als that not only th e MgO-Alz0 3-MnS

and MgO -Alz03-PzOs particles can be the effe ct ive

nucleation of ferrite, but also the pure MgO • Al, 0 3
phase can promote the ferrite nucleation.

( 3) A MDZ is charac te rized adjacen t to the

MgOvAl, 0 3-MnS, which is believed to be one of the

possible m echanisms to nucleate the IAF formation.

I t can be concluded that the MDZ around the MgO 

Alz03-MnS inclusion would be induced by the MnS

precipitation on the inclusion. It seems that the abili 

ty of Mg-containing inclusions to induce IAF might

be a ttributed to a new mechanism , i. e. , the P-rich

zone formed on a few Mg-Al-O inclusions might be an

other factor for promoting the IAF formation.
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