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ABSTRACT @ High Strength Low Alluy steels are of particular interest for large submarines,
offshore structures, line-pipes and other structural applications that require o combination of
strenpth and tougimu;s To achieve these propérties, the addition of microalloying elements
such as Nb, Ti and V  is well cstablished, These clements form carbides, nitrides and
carboniirides, which effectively refine the avstenitic grain size and improve the properties of
the final products.

1 the present work, a simple analytical approach has heen presented to predict the equilibrium
olubility, of carbonitrides in steel and the prediction of sclubility has heen made in b}ﬁ? bearing:
SLA steels. Solubility product relationships and mass balavce equations have been
formulatéd for estimating the solubility of carbonitrides, The solubility of nivbium carbonitride
presficted by the present analysis °s in agreement with that reported in the hiterature. f'nr*natmn
f AIN precipitates has also been considered (o examing the extent of its mihwrﬁw on the
lubility of carbonitrides. The presence of AIN precipitates is observed 1o have an appreciable
fluence on the solubility of nicbium, nitrogen and carbot, and consequently on the solubility
f carbonitrides. The effect of steichiomotry of the precipitales on the solubility behaviour bas
$6 been studied. The solubility of Nb and nitrogen in the case of non-stoichiometric
recipitates is predicted to be higher than that of stoichiometric precipitates; but the solubility
f carbon does not appear to depend on the stoichiometry of the precipitaie. :

KEY WORDS: High Strength Low Alley steel, Solubility of Micronlloying Elements,
iiobivm Carbonitride, Aluminhun Nitride

Introduction 5

e use of micro-alloying slements in high strength low alloy (HSLA) stegls for a wide variety
{engineering stractural applications is well known U] Tt fncreases the strength. and toughness
[ the steel by the mechanism of grain refinement and priscipitation steengthening ", Initially,
Tain refineinent was achieved l:w aluninium and mitrogen addition ™, but, later, in the sixties,
e necessity of adding microalloying elements such as niobivm, vamuhum and titanium to steel
vas recognised. The role of these ¢élements in impariing finer grain size and pfccxpuatwn
leengthening hay been elaborately documented in the Hierature © A, Knowledwe of the
olubility of their carbides, nitrides and carbonittides in austenite is important in order to
trol the precipitation behaviour during hot working, welding and further heat-treatmient
tocesses, Nb is preferted as an alloying element By suost of the alloy designers dueito its lower
inity for oxygén compared to itaniugh and favourable sclubility relation compared fo.
adium ). Sclubility product relationships for their carbides and nitrides have beeu
orted by various authors M gnd these are useful in agses ssing the solubility of individual
Bide or nitride in steel. Due to the mutual solubility of the carbides and nitrides, they arg
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expected to form car bmutrules Henee it is necessary (o eviduate the solubllity of cmbt
rather than individual carbide or nitride. Novdberg and Arorisson ' assessed the soli
niobium caibonitrides insteel, fallowed by Fudd e al, o,

Some studiss also report the c(unFmitiuu ol the carbides, nitsides and carbonitride in slet
non-stoichinmetrie. Mo ¢t al. " found an average compositions of the precipitat
NbCogr and  NhCypNogs, while Mayer USE found the pre mp;mlca to be stoichin
corresponding to NbCy -fm and the NbCo sNygs. Some investigatious have been cari
understand the solubility of non-mnd:wmcnu., Lmhonmul s insteel, However, md
required {o understand the influence of various provess parameters on the Lompn\"
solubility of these precipitates. For example, the co- -precipitation of AN along
carbonitrides of micro-alloying clewents bas not been investigared sufticiently, Gene
melt is killed with. Al before the addition of micronlloying elements. During ¢
processing and heat reatient of these steels, the precipitation of AIN is expee
s;i‘muliancouclv along with the carbonittides of the niicio-alloying elements. B
studies show the presence of AN along with the Nb carbonitride in HSLA steel 7,
cailiér studies bave ignored this aspect while evaluating the solubility of varbonilrt

H

The present study focuses its aitention on the solubility predictions in three
\uwlwi by the Naval Research Laboratory of USA. Niobium is the primary m
element present in these steels, Tn the present work, the influence of the preg
alimivium piwride on the precipitation and stoicl Hometry of the carbohitride of
considerad.

3 Prediciitm oi‘Sﬂlui)ii’t"‘ 5

r;iu"id*s can furm in th;,\e tl.””}'\. Sll)LL 1hc., 1'1111&(\ pzmum.wr .md uysldl suu
carbides and nitrides of individual microi alloying element ave sinsilar I ’. s assiuy
usually form solid solutions resulting in the pr ecipitation of carbonitrides, On
AI’\: WJ] mcupztmemdcp«cvutf’m S lI’lL mhcmstndbbf'r avse of m d;ﬂcmn! ifysm :

car {')t.J'nh.U.d(.’-e» as \m,il.

Itis sssumed that a non-stoichiometric carboniivide of a zomposition M( (‘\,N; i
steeld through a reaction:

MasyCrs(lyiN= MUCN o)

where, M denotes microalloying element, ic., Nb, Ti or Vi y = C / (C+N)
carboniride. The frec energy of im‘nmuon of carbonitride car be expruwsu! s

AGM ioyntys =-RT M (CyN )] /[ [MLICIYINJEY )

Where. i%f} {CT and [N} ave the activity of (he watal, carbon and firagen, Tt‘bpt.cm'
be re pwsg,mad in forms of weight percent in case of HSLA steels, R is the gas wnsi
temperatare in K, [M(Cy Ny )] is the activity of the carbonitride, and i3 taken as

Hence, AGwwgryy = RT In {IMLJCIVINTOY |

Assuminyg the componnd M(CyN 1.0 10 be an ideal solution of MO, and 'W*&,tiw
of formation of the carbonitride can be writien as ',
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results in equation (4). After

m “M‘LC‘]’W G L i
Kot = IMLINFACLyY L
(8) i . Lo L

Salubility pmduu reianonhth h)rfw\ in au%t,n,tc c(m he mpm& ul as e

K =tAU T 0 R e o | ;{91

>Eromihie mass balance of carbon and mtmgeﬁ i‘n!}owuw Lc;uahom can be derived:
i x:‘;-_{uw [V, . 'mﬂ} S e i o (10
= Ny = [{(Mi SIMIL . 5. [}"m/ AM]}'# fUATy - TALD An/ "im ] AU

_wbcre, »\»,1 A( and. Aq 'm, tlxc atomic wmchr uf M, C .md N }tnpel,ll\ri.h' ‘\Ij. [a,q and »‘\ Al

'ccuwl} C;, N : 4 j
;c.»pecuvcly Now Liu. equatmns. ('f) o (1 !} u:un bv \UWC(. md the suluh:hty of M, €, N and Al

and the value of y can bg evaluated.

'wew mlmn 11 T, lttmdtme

or sorne: steels reported by

. The predicted solubility of

i shown in ’Ii’ah.l_e 1. In the .
vas estimated by puiting the
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killed steel, The mluhmty of mnhmm predxeh,d in 1h& present work is in good ﬂgmmwnt with
the earlier predictions. :

Predictions for HST.A-100 Stccls

The chemistry of the HSLA stceh under preset iuvestigation is given in Table 2, which contain
a significant amount of Al along with the Nb. It is expected that the precipitation of AIN will
occur simultancously along with the niobium carbonitrides in these stecls. The solubility in
these steels. was first c..ﬂulhtul ignoring the precipitation of AIN, Subsequently, the
precipitation of AIN was factored-into the calculation, The predicted results of the solubilities of
njobium, nitrogen, carbon and the C/N ratio “y” for SI steel are plotied as a function of
temperature inRig, Wa)y-(d). il the cases, curve-L( tactozmg AIN precipitation) and curve-11
(ignoring AIN precipitation) intersect al one of more points. Simitar tesults were ohserved for
all the three steels, The solution temperatures of AIN were computed by thg method mentivned
above as 1149, 1127 and 1070°C in. ‘H, 52 and §3 steels, regpectively. These values are found
{0 be guite close to the intérsection point, in the case of the. solubility of nniwg,cn and niobium
and “y”, A similar result is notiged for the second intersection of the snlnhlhiy curves of carbon.
This is because, after the complete dissolution of AIN in the steel, the preci Iﬂinmm of niobiuin

carbonitride is independent of the aluminium-content of the steel, i the ihteraction beteeen
alttminium and the alloying elements i§ igacred. The solntion temperature of AN, thus
‘pmducted was found to depend oo the chemistry of § ﬁccl |

thn the precipitation of AN s coms nlerui along with thc carbonitrides; the solubility of
nmbtum increases (Fig. 1(a)) whereas the solubility of nitrogei decreasés (Fig. 1)), The
decrease in the solubility of nitrogen is as expected since some nitrogen is femaoved from the
solution by the concurrent precipitation of AIN and further due to this, lower amount of

- piobiiun is combining gs carbonitride, resulting into inore of Nb in solution. In the case of

.. sarbon, thi: surves | and 1T mget attwo points which have designated as point “Y" and point *X”

 (Fig. T(e)). The significance of point X is deseribed above as the solution temperature of ALN.
The first infersection point Y appgars o be also related with the precipitation of aluminium
nitride.  When the temperature is low, miore sitragen s consumed for the formation of
alurnidiom nitvide and leaving less nitvogen for car bonittide precipitation and hence more of
carbon 1s consumed for caibom ride precipitation us indicated by the lower solubility of carbun
(eurve 11y than that of withont considering the AIN precipitation (Fig, 1(c)), It ineans when
nitrogen is fixed as AIN, the niohium carbonitride contains more of carbon.

As the temperatage increases, the AIN dissolves in the sleel resulting inte more of nitrogen
available for the formation of ninbiui carbonitr ide. Henee less of carbon conbines with the
mob:_um showing. an. increase in the solubility of carbon in Fig, 1 (c.j, corve ©oand. the
carbon/nitrogen ratio (y) in the carbonittide: decreases as. the i'empc*mtm'e increages, This also
indicatés that the AIN dissolves faster than niobium: carbonitride with increase in temperature,
When the prwlpzmtlon of AIN is nof considered, the: carhon/bitrogen ratio of the viobium
carbonitride increases with temperature, initially. Latet, it almost becomes constant and hence,
the trend in the solnbility of carbon i somewhat different (Fig. 1 (¢ ), curve IF). The change in
the slope of this curve causes thi to interseet the curve 1 ar two points since the curve 118

MEBOLGNONS in pature,

The precipitation of AN {hcrcfou, influences the solubility of niobium, carbon and mtxoi,en a8
discussed above., The tunpeaamre of dissolution of niobium carbonitride is also influedeed by
the wesence of aluminiwm in the steel. This would significantly inlloence the optimum a]io}rmg

f
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hep. the formation of ncm—smichlomemc u.uh(mltruieq was a.cmsadmed, rhc: solution
nperatures were tound to be Stgmtwm;tly Jower Le. 1100, 1096 and 1120 °C for these steels,
-pectively. The change in the temiperature wasnot significant when the pre¢ ipitation of AIN
s taken into consideration.. For a similar \teel the solubility has been predicted elsewhere on
basis of successive partial equiliby wion 1. It is observed that the predicted solubilities by
soth the methods are comparable; furiher the solution temperatuie of niobivm, carbionitrides

-,reduzu,d by the present method is in good agreement with that computed by the inethod of
(uecessive partial equlibration. :

4, Conclusions

"
'

A simple analytical approach has been presented to predict the equilibrium solubility of
stoichiometric as well as non-stoichiometiic carbonitrides in steels using solability product data
and formulating the mass balance equations. The salubility predicted by the present method
agrees well with that reported i the literature. The solubilities of Nb, C, nitrogen and niobium
catbumtndv in HSLA stecls are remmkab]y influenced by (e preserice of AIN. The solution
temperatures of AIN and NB(C,N) in the HSLA steels were found to be a function of alloy
shemistry.
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Table 2 Chemwal Cumposmom ol IHI A Stcc.,l% (m wt, %)

Sieel [C Mo 6 f‘:.f-:v;m“- P e AT |

S1 0038 {057 o34 |07 | 198 | 339 | 0032 | 0038 | 0003 | 0.0143

52 0.04 1060 |057 {08 | 1.58 [355 [0.03 ]0.032 0003 | 00145 :

53 0.044 | 060 | 058 J095 | 123 | LG5 | 0037 | 0.023 {0.003 0.0143

Table | A Comparison of the }’tment Results of Solubility Predictions in Ausmulu
Values Reporied by Hudd et al, '

Composition, wt %~ | Predid | Valwe of vaud sofubility tinwi, %9 | Value of v and sotubdlity (in wi %
Lesmps, d predicted Yy qivasent inedel predicta by present meodel
"¢ W] 10 (Sroichiometric ) (Nonsstojehtomeuic)
] :

Q0 022 0.008 0.034 (o0 026 | a7 060127 0,286 DAO4S | B0z

96| 030 | 00080 | 001 | 0002 | 0347 | Goules | G | GisT | 000 | Go0ii

§00 | A3 | 00068 | 0405 | 001 | GOIRR | nooods | 0oins | 06181 | G050, | D05

I e B S T T B R T G022 | 0.0033 (YEER

L206y G074 0,036 L% ] D035 R TESD 00506 0039 Q473 (.00,

T | GO0 | 00170 | G0 | 0016 | 00033 | Do0sET | R0ie: | nopas | Base | 6o
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Fig. 1 Predicted Solubility of (a) Nb (b) Nitrogen (¢} Carbon and Value of * y” as Function
of Temperature with and without Cnnmdudtwn of AIN Precipitationin 81 Steel
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