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Figure 2.4: Stress rupture data (1000 hr:s) or various _stainlcs_s slL..,ls (4.1~) 

2.2.2 Creep in martensitic stainless steels 

- . 

Th..sc alloys have sufficient carbon in solution to make them fully austenitic at 
anne-,ding temperatures. On cooling they pa~s ilimugh the M, temperature that is 
ahove room temperature to proulX-" a marleJ1silic structure. rllc chcmica! composition 
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stabilised with niobium to improve their high temperature streIlb>th for use in 

automotive exhaust systems. The exhaust gasses ~hould he ah<we 700°C for the 

optimall""rformance of the catal}1ie converter. The temperature to which thc matcrial 

is usually exposed can he in excess of 950"C. The material should thus exhibit 

ex~ellent high temperature properties (neep, thermal fatib'Ue am! oxidation 

resistance). In addition the material should alw be resistant to high tempendure 

corrosion in chloride >nlutions (salt used JilT icc melting on road~ in coldcr dimatc~). 

2.4.1 Production Considerations 

2.4.1.1 Steel plant practice 

rhe solubilitv of titanium nitrides in a liquid ferritie stainless steel increases as the 

chromium increases and as the nitrogen level de\.--reUS<'s JilT any given titanium level 
(IJ' (figurc 2.6) !. Thermo-~alc (wmputcT wrtware package that uses a data base 

containing themlodynamic data to predict the stable phases prestTIt in a multi­

component system) has been used to calculate thc phases present at equilibrium on 

cooling of a 14%Cr, t %Si, OAO/oCu, O.l50/0Ti, 0.J8%Nb steel (21). Primary ferrite 

solidifies first Jollowed by thc precipitation of carbo-nitrides at about 1500"C. The 

laves phas~ ,;tarts to precipitate out at about 700QC (Iigure 2.7). 

a, 
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• I 0 0.2 1 z 
~ a'5 • a, 
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00 

--_. 

SoILbilily ofliN in 1K,id Fell itic Slairiess Steel (HII, 1988) 

---------

- 11.5%Q 

18%0-

Figure 2.6: Solubility of TiJII in liquid ferTitic stainless stl"el (Hill, 1988) 
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Figure 2.7: Equilibrium molar rraction of phases represented at \arious 

tcmpCnltures On cooling, of a 14'y"Cr, 1 <y"Si, O"'%CII, 0.15'%Ti, O.J!,!'Y.Nb alloy. 

2.4.1.2 Hot and cold mill processing - effect on surface quality and 

formability. 

Generally no indication of the solution temperature prior to hot rolling is given, it 

was. how""v",r 1I0to:<l that lor 14% Cr-O . .lNb-O.1Ti-O.5Mo shoe) 124) the reheat 

temperaNre was quoted as 1250"C. This is mther high and experience with a walking 

beam filmacc ;8 that the ~1ab~ lcnd tv bow between IhOo' beams making them 

impossible to hot roll. In addition, dle high drop out temperature causes the material 

to iini8h at too high a temperature and can eall~e embriHlement prublems due to either 

the precipitation or the laves phase (due to slow cooling in the range i2lJ 700 -

90~PC)) OJ" tho: formation oi" ex~e~8i~e amount oi" nitrides (201. The hot rolling practice 

tlll1~ need~ to be optimi8ed along \\·jth the quenching obtained via laminar cooling 

with water to a,-oid these predpitation phenomenon. 

An accelerated degree 0 r reery~talliwtion i~ required to red lice the 8evetit y oi" ridging 

and roping in a niobium stabilised steel (17'\'oCr and 0.44% "b)<l'l, This is generally 

1600 
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achieved by finishing ralh"r cold on tho: S!o:ckd mill (k~> th;)n 700"C) ;md using a 

high tempt:rature ann"al of lh" hoI ,md cold band at approximalely 950"C. 

, .. 1tematiwly it has be"n suggesl"d thaI fini~hing al SOO"C is ju~l a~ favourabk (281. 

hO\\(ever. a minimum reduction of 30% is r",,!uirtxl itlllo\\'eu by a simihtr mlJlo:'i.l as 

above. 

A 17%Cr - 0.44%"1\1> sled appears to exhibit a maximum ralo: of recryslallization al 

about 950"C for various r"dudion~ during hot rolling_ Tho: malerial r"porleuly has 

70% re~T)sl<!lli~.alion at 40";" hot reduction at 95(fc. DlC original as-eaSl Slructl1re 

appear; under lhes" conditions 10 have been replaced by a new reerystalli~ed, 

homog,,'lCOu~ structure PI_ 

Th" plastic ~lrain ratio (R-valuc), which is a measure ofthc deep drawability of sleel , 

generally increas.c~ a~ the amount of cold reduction increases. lllC addition of 

niobium to 12% chromium sted in addition appeal's to increase the materials affinity 

10 fonl1 a more favourable crystallographic texture and subsequently a higllCr R-value 

is obtained IN" (figure 2.S1_ 

a Iai ge in R-value as a fi.n::tia1 d cdd red dien Mteriej 

a .wed at 927C 
2 ,------------------------ -------------------
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Figure 2.8: The influence of cold reduction on the R-ndue. 
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'Ihe strenb>1hening or increasc in proof s\TCS.~ depends On thc heat trcatment and (he 

amount of niobium present in Ih~ skel (.1) (l'igure LIO). The amollnl ofniohillm in 

solution or solid solution ~(TCnglh<.-'ning is Ihe primary source of the strcng\h~ning 

observ~d in tkse sl~ds at high t~mpemlurcs. 

The O.2'lJoProof sbess in a O.Q20/c(C+N}-19%Crsteei at95Q'C. 
40 ~ ---- --_ ... _---- --- ~-.---- _._------------. - 35 ! <II 

• 30 .-• • ,,"- 25 ." ~- 20 0" 0_ , ·0 
"-~ "m • N 

0 

15 

10 

5 

• 125()C!'meaI I 
. 100aC!'meaI ,! 

0 

0 02 04 06 0.6 1 12 14 

Nioolfll content ("I~ 

Fib'lJrc 2.10, The incrca~c in 0.2% proohtress in a 0.02%(C+N) -19%Cr steel 'If 

9Snoc as a function of niobium content and annealing temperatnre (01). 

There appears to he an upper limit of niohium, hcyond which (he creep resistancc of 

(he material drops to the levels which were expericnccd prinr \0 alloying (figure 

2.l1f4.1 1. The ideal rilllge of niobilUll content. after ~tahili~a(ion issues have been 

accounted for. appcars to he approximatcly o.ti \0 1.00 per ~em by weight (this krritic 

sminkss sled contained about 16%Cr and O.J%Ti). '1l1e annealing Icmpcratur~ also 

appearcd to affcct t:hc dcgrec or creep parlicularly at the lower niobium contents, 

where the higher amlealing temperature d~reascs the ma\Crials resistance to cre~p 

(sagging). 
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Creep Resistance as a function of Niobium content 

Time to 2" .. 
Elongation (hI'S) 
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Figure 2.11: The creep life of a 16%Cr-O.3%Ti alloy at 871"C and an applied 

stress of 8.274MPa as a function of niobium content H~). 

The amount of niohirun in solid solution prior to testing the material appears to be the 

erilical factor in detcnnining the creep resistance of the material. In the range of 

70(fC 10 IOOO"C the solid solubility oi" niobium in a 14%Cr. 0.15%Ti. 0.38%:'>Ib 

appears to be approximately 0.34% by weight (D). In addition the creep resistance v,as 

found 10 increase with the dissolution of intra-granular precipitates that could form in 

this stccl on final processing. The steel should be anncalcJ ilbove 1040"C for 

compkk di~wlution oi"thc precipitates 1.11). 

2.4.3.1 Titanium and niobium {'arbides. 

Titanium carbides (TiC) an: a cla~s one carbide (cubic type). Niobillm carbides can 

exi~t a~ a cla~s one (NbC) or a class two carbide (close·packed hexagonal Nb2C)1.j.j) . 

The ellbic niobium carbide exists over a range of compositions trom:'>lbC to :'>Ib.jC j . 

The latter compo~ilion i~ due to the IOrmation oi" a laniee Jcfec1 in the carhitk {.j'I. In 

addition there is also a high degree of solubility of nitrogen in both these types of 



Univ
ers

ity
 of

  C
ap

e T
ow

n

carbides. The carbides are generally not a pure binary s}'slem and some alloying of 

the surrounding matrix material occurs. 

Generally steels which rely on carbides for their creep resistance havc between 0.1 

and 0.2 percent carbon. This is obviously not the case in the present steel. as this 

would adversely affect the already low mechanical properties, particularly elongation.. 

of this material. These steels are also generally tempered 10 obtain the greatest benefit 

from carbide formation. lbere is normally a sequence (with time and dependent on 

chemistry) in which carbides would precipitate (FeJC --)- MOlC --)- MnCo --) M.C~--)­

M,;C) and can be broadly described by use of the HoHomon-JafTe tempering 

parameter (figure 2.12)(44). These carbides either form by two methods: 

• "In situ"' when the existing carbide is transformed into another 

• Nucleation and growth at new sites within the matrix material. 

Cold deformation prior to the tempering tre:rtment reportedly increases the rate of 

precipitation from the matrix that is supersaturated in the ek>ffients nect'Ssary for 

carbide formation. In supersaturated Sleels (martensitic) the precipitates form by a 

sequence of relICt ions involving: 

I. The formation of zones rich m the elements to form the precipitates 

(embryonic phase). 

2. The formation of an intcml~diate precipitate (M3C) 

3. The formation of the txJuilibrium precipitates (Ml.1C" and M,;C) 

The transitiOils of the various reactions above from I to 2 and 2 to 3 generally occur at 

a reasonable rate at 0.4 to O.STm and above 0.5 Tm re~pectively (Tm = absolute 

melting temperature). In low supersaturated solutions (non-martensitk) precipitate 

nucleation is difficult and only occur~ at favouruble sites such HS dislocations. 

Deformation during precipitation increases the dislocation density producing a mor~ 

ulli form dispen;ion and finer precipitate (44\. 

Most creep resistant steels derive their superior creep properties from a fiik' dispersion 

of partick~ (44). Inter-particle spacing is an important factor. These act as barriers to 
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dislocation movement. There is a critical spacing above which the creep resistance 

decreases (44). The effect of particle shape is not known. however. it is generally 

perceived thaI this is overshadowed by the affects of size and spacing (44). More stable 

carbides (cubic carbides -V4C3, NbC) are prcfen.'TItial, as these should theoretically 

not grow as mpidly, thus. maintaining a maximum dispersion of fine carbides the 

longest at elevated kmperdlures. 

I 

I • • • • • • • • • • • • 
U47"/ • .'vb 

, .,.,./. '" { • • • • • • • • • • • • • • 

• • • • • • -
{ 

• • • • • • • • • • 

150''!.1\ k, 
0 0 0 0 0 0 0 0 o 0 

{ 
• • • • • • • • • • 

2.05"1o .\"b 
0 0 

{ 
• • • • • • • • , 

3.()7°;',1\ ... 

13 15 17 19 21 
T (2/1 + I()~ t) '\: 10-.1 

-

Fi~"r~ 2.12: The dIect or time, tempemlurt' amI "(lmp",iti"" lin th" 

pr"~ipitatiou IIf C31iJidcs in 3 O.I'Y. ~al"bllll D1l1lybd"IIUID steel ("I. 

2.4.4 Oxidation resistance and corrosion resistance. 

Niobium additions to stainless steels appear to increase the oxidation resiSLance ofthc 

mallTial 10 both continuou:; and cydic oxidalion (32). The spalling resistance of a 

femtic stainless sleel with a basic composition of 18~o Cr and 0.450/0Nb exhibited a 

significant reduction in mass loss due to spalling if the manganese content in the steel 

exceeded 0.6 percell (4°\figurc 2.13). 

. ... !' 
Mo,C 

JI.1 .. c. 
•· .. C ." .,< 
~\(", .\, 
I_F 
Mo,C 
'IF, 
~V'~ 
'\C 
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!PIIlirg ,.sisla red a tBsic 18"/.0--OAfj'/.N:!SEeI 

o Q2 04 06 M1 ("/~ 08 1 12 1. 

Figure 2.13; Splllling res istance of an 18%Cr - O. 45'Y.'1b steel as a function of 

manganese (100hrs at temperature). 

The rusting tendency in type 430 malenal (17 percent drromium), prior 10 (unwddcd) 

und llller TIG welding, in a ><lit spray-testing environment (5 per cenl '\uCl fog) can 

be significantly reduced by an over stabilisation of either titan ilLm Or niobium 1451. The 

minimum amounlllf ex~"~ lilunium or lliobium is 0.2 as dctermined hy the lollowing 

equalion,;; 

(Ti}'Yo = Ti - 4C - 3AN - J .5S - 0.2 'viinimllm 

(Nb)% - Nb -7.8C -6.61\ -0.2 "/inimum 

Where: 

Ii = Titanium in mass percentage 

K - Nitrogen in mass percentage 

l\1l - Kiohium in ma,;s per~entage 

C - Carbon in milSS percentage 

S = Sulphur in mass percenlllgc 

The generul pitting resistance (critical pitting potential arn.l induction time for pitting) 

of a Icrritie stain I e~,; ';teel (2RCr -4 I-ii alloy) generally increases as the niobium content 

inereascs in the steell' ''i. i\ similar effed W<l~ fourn.l in II 2OCr-O.gMo-O.5Cu alloy (4'! 

and the optimum niobium III carbon plus nitrogen ratio was seen to be between 15 and 
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)0, when copper is above 0.4%. The addition of niobium to a 17% chromium 

containing steel, in some instances, generally does not appear to increase its pilling 

resistance (4'). The reason for this is that the MnS inclusions act as pit initiation sites 

and the niobium does not combine freely with either manganese or snlphur. Titanium, 

however, appears to have an affmity for sulphur and fonns insoluble TiS. "The pits 

fonned in steel alloyed 'with titanium are believed to initiate at the interface between 

the matrix material and the titanium carbo-nitride and titanium sulphides. Tbis 

initiation is reportedly III a much higher potential than at MnS sites. 

Tbe ability of a ferritic stainless steel to exhibit resistance to intergranular corrosion 

af'tcr welding (sensitisation) is generally de1ennincl by its degree of stabilisation. The 

minimum alloying additions 10 obtain a stabilised al loy. either with titanium alone or 

dual stabilisation 'with titanium and niobium, for a Sled containing 12 per cent 

chromium was found 10 be: 

"loTi or %Ti + %l\"h - O.1l8 +8~ (%C+%I\ ) 

This relationship was detennined as the boundary between alloys that passecl an cl 

those which e;o;hibited inter-granular IIltack afler welding (figure 2.14l491. 

Earlier work by Gates and Jago indicated that the mllllmum ratio of stabilisation 

elements to carbon and nitrogen content for a steel with 18%Cr and 2%Mo is 1 () times 

the carbon and nitrogen content (figllre 2.14) for complete stabilisation (5{1). 

Sensitisation work by Onoyamo et al found the following relationship to prevent 

sensitisation I l l): 

(Ti+Nb) ~ t 6XrC+N] for rC+N]~ 0.017% 

(Ti+Nb)::: 8X[C+N] [or [C+N]< 0.017% 
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Corrosion resistance of welded heats 

• No Attack 1i 
GroovedTi 

- IG Attack 1i 
x No Attack Ti+Nb , 

- %1i+%Nb=0.08+8*(%C+%N)1 x IG Attack Ti+Nb 
-10*C+N 0.G7 ,--'''-'0'-''-_______________ _ _ __ , 

• 
0.0; 

0.00 • z 0,," , 
• u •• • I- 0.03 

- I --x- x , x ~+x x XX 

'" X • 
O~ 

0 

0 " 0.' " " " 
'JOTi+'JONb 

Figure 2.14: Stahilisation requirement rur a 12% chromium containing steel to 

inhibit inter-granular attal-k. 

2.4.5 Lavcs phasc 

The lave~ pha,~ in a low C, N-I9"IoCT-2%Mo ~Iainks~ sl~d appears to b~ u h~xagonal 

precipitate in the form of (l:e, Cr)! (Mo. Ti, N b )"'J. The precipitation hchaviouT or the 

laves phas~ was im' ~'ligal.ed in this ~kd hy annealing >amples. after hot rolling, at 

various tem)Xmrur~s lor 1 hour lollo\ved by \'vut~r qu~nching. The Laves precipilaks 

apJ't'ar to p~ak at aboul 700 °c (ligun; 2.15)wl_ The c(xlling rat~ afTecl~d Ihe amount 

of precipitates that fomlec!, Th~ faster th~ c()()lin~ rate (2.4~ I 0') the Il'weT precipitates 

formed and the higher th~ elonga(ion. In addition the amowlt of cold r~duction prior 

10 final:tnnealing also impacted on the amounl or precipitaks pn;s~nL Th~ high~r (he 

cold reduction the lower the amount ofpr~cipitute5 that forme.J. 

0.' 
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1.8 
1.6 -' 

Precipitation of Laves Phase 

1.4 

1.2 
1 

0.8 

0.6 As I-bt Rdloo 
0.4 -

02+ 
o 
400 500 600 

~- -,-
700 800 900 

TE!J1"4)eI<rture ('C) 

1000 1100 

- _. --:----:c-­
Figure 2.15: Precipitation characteristics of lavc phasc with isochronal anncaling 

for I hr at each tcmpcratnre (2-~). 

2.4.6 Ridging 

A number of investigators have identified that ridging or roping can occur in 

~rnbil;,;ed ferritic stainless steeb (27. l ! , and 51). Ridging or roping is the fonnalion of 

~urfa~e corrugations, due to crysrnllOb'Taphie textural effects, which emerb>e, 

preferentially in the rolling direction during forming opcmtions in fcrritic stainless 

steels. All 01' the authors allude to optimum hot rolling and hot band annealing 

parameters. The purpose 01' these variOIlS optimum-processing parameters is to 

stimulate the most recrysrnlli:wtion in the material during hot band annealing. Thu~ b} 

lini~hing cold on the hot mill v,'ith a relativdy high reduction on the last pass imparts 

a high residual driving forcc for recrystallization to the material on sub~equent 

annealing. The hot band annealing occurs at rdatively high temperatures to takc 

advantage or this stored energy and to overcome the mHterials sluggi~h respon~e to 

re~"T)slalliz.ation. The ideal hot hand structllre aftcr anncaling is one with a uniform 

equi-axed grain structure with an ASTM grain size number of approximately 6. 

The effect of niobium on ih own in reducing the ridging severity in a 18Cr-1.5Mo 

steel (13) \'ias not as affective as titanium and in fact appeared to innea~e the ~everit} 
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to .............. ,........ aaCnU()DS not mobmm 

titanium plreci.pitltes out causes a 

structure. 

more --9----.1 
m,reS1lJg!1101rs on 

el11nmlate roD'mSl (54) 

56, 57 and 58) 

one or more 

at 

to 

to a ,.....~."'"t.,.,. 

... u.Eou .... '" belCOlne more ec()nClml.Cal to 

sti4xl1uOIne1lnc Vl'llllll:~'" (59) excess 

apJ>ealrs to OOlllen4::aal to 

care 

proces~;mg to ...,1.1 ........... 
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The experimental te<:hniques used during the investigation can be hroadly categorised 

as: 

• Mctallograpbic analysis. grain size and amount of second phase. 

• The sag test. 

• Deep etching. 

• Scanning dectron microscopic analysis after bulk etching including energy 

dispersive spectroscopy. 

• Statistical analysis. 

• Heat treatment. 

• HOI and cold rolling. 

,.- -_'a 
lb:ro Oocp""" of"""~ 

st.loI" ",001",";' 
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, , 
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measurement 
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or 
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most cases 

or to 

measurement. 
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9 
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11 

12 

Histogram 

• Frequency 

0,028 0.031 0.035 0.039 0.042 0.046 

Grain Si~e (mm) 

Fignre 3.2; Histogram di~tribntion of thc mcan lincal intcrccpt length of 12 

~amplcs takcn acrms thc width of a strip of steel. 

Table 3.2 
Statistical analysis of grain size measurements using the mean lineal intercept 

len2.lh 
lmlividual Field measurements of the intercept length ! A"g. S 9W.CI 'YoRA 

(mm) 
, 
I , 

u.I)391 
- --- ~ .. 

:0.0396 0.1141 0.U39 0.0016'0,0040 10.05 
1 , 

0.040 0034 0.04110.036 0041 0.04~ 0034 0.037 0.037 'O.03RO 0.0{)32 0.0025 6.54 , , 
0.044 0,040 0,046 0.032 0,039 0.044 0,037 0,033 0,042 0.041 'OJ)399 (U){}47;0.0034 8.50 
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'0.-036 
he, 

O.OJ~ 0,037 0.043

1

°.OJ1 0,041 0.034 0,040 0.039 0.0378 0.0037 0.0026 6.% 0,041 

IJ.043 O.l)4U U.043 0.0419:0.0017 OJ)()4] 9.82 

1°·044 0,046 O.03q 0,041 0.039 OJ)4]? OJ)()32 0.()()40 9.62 
---. 

0.043 0.031 0.041 0,040 0.040 0.Q38 o.o~~IO.~37 0.03~ 0.040 0.0379 0.0036 0.0026 6.80 

IJ.lJ41 0.1J35 1!.O41 0.IJ36 U.037 I O.0382j 0.0031 O.003R 9.94 1 
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I 

~ 

~ 

ASTM 

:-.10 

6.0 

6.' 

6,0 

6.3 

5.9 

5.9 
.. _ .. 

6.3 

6.2 

5.9 

5.9 

6.2 j 
6.1 

, , 

6.1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1be image !I.IlUlyser uses the following standard ASTM forullila to detenTline the grain 

size number: 

G = lO+6.G4logw(nll) 

Where: 

n = the number ofhorimntai intercepts (477) and 

1= lenl,.'th of the testlinc at I (lOX 

3.1.2 Statistical analysis of second phase fraction 

Initially the second phase area Ii:adion wa~ not measured on the production material 

a~ it was observed to be extremely low. It wa~, however, necessary to attempt and 

quantity the second pha~e area Ii-action once laboratory experimentation was initiated. 

Area phase Iradion analysis was performed to determine the dissolution rate of 

predpitatcs in the hot band material at I 100°C. rhe statistical analysis carried out on 

this material was similar to that done for the grain si~e above and it was lound lhal the 

data for this initial experiment had a normal distribution (Iigure 3.3). 

35 
.. _-, 

30 • Frequency : 

25 

10 

5 

o 
1,33 1.70 2.07 2.43 2.80 

Second phase area fraction ("to) 

Figure 3.3: Histogram distribution of the second pha~e area fraction present in 

bot band material after annealing at 1100°("". 

36 
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The oonnal <listribution had an average of 2.240/. area fraction and a ~tundard 

deviation of 0.234% area fraction. The value used as an indication that a ~ignjlicllilt 

change in area fraction had occurred was taken as +/-0/0 of the average value. The 

chooge in sceoll<l pha<.e area fraction would thus be 0.2240/0, the range would thlls be 

+/- 0.224%. The calculated sampk size required to obtain a 95 percent and 90 

percent (usc 1.65 in place of I ,96 in ~quation 3.1) is 4.2 and 2.98 respectively. that is 

4 and 3 Jield8 of rnollSurc. The small percentage analysed is extremely difficult to 

accurately m~a'lIl"t', it was thus felt that in most cases a sample size of 3 fields (90 pt'T 

co:nt conlidence level of being within 0.224% of the correct Teading) could be used. 

llle phas~ analysis thus is used to give a general trend of second phase area fraction 

and sholild not ho: ;;cen as absolute values at the particular heat treatments. 

3.2 Sag Test Alternative Creep Test 

The creep test is used as a standard Ie~\ in the automotive ill<lllstry (6:;). The test is 

reported to give a rapid irxlication of the sag (ero:cp) resistance of a number of 

samples tested simultaneousl)'. The results appear to correlate with the general creep 

properties ofthc ske1 (C<1mpare figure 2.4 to figure 3.4). 

SAG at 950°C for various Steels 1.5mm gauge 

eo 

" 
o~ 60 

• 50 • • E 40 

!. 30 
• • 20 • 

10 

0 , .. 409AL 430 Nb-Ti '" '" '" 
Figure 3.4: Sag resistance of various stet-Is tested at 950°C for IOOhrs (I.Smm 
gauge)I6J) 
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-''',." 

Terliary Creep 

Secondar 

Primary Creep 

Time 

Figure 3.5; Classical Creep Curve under conslanlload. 

Creep tests arc normally done under a constant applied tensile load at a set 

tempctamre and the increase in length is measured periodically (M,M), The engineering 

creep curve under constant load normally has three st<lge~ (Iigure 3.5). namdy: 

• Primary Creep 

This is a stage of decreasing neep nlte (Iigure 3.5), Thi8 material TIOnnally 

exhibit8 an iocreasing resistan~e to creep with time due to !he amount of 

defimnation that the matcrial experienecs at this stage. The stage is ~haracleri8tic 

of low temperature and 8lre8S scenarios and i~ sen8itive to temperature and stress 

'"' 
• Secondary or Steady State Creep 

The creep rIlte in this slage is constant and is ~allcd the minimum neep nlte (MI, 

lhere is a hahux:e between strain hardening (increasing dislocation lengths) and 

recovery (decreasing dislocation lengths i.e. serew slip annihilation and cdgc 

di81ocation climb) of the material (30), Thi8 stage i~ sensitive to temperature and 

stress (3!i). 

• Tcrtiary Creep 

There is a reduction in cross·sectional area at this stage. It is also nonnally 

associated 'With high temperature and stresses. Metallurgical changes such as 
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precipitHtc waT~el1il1g, re~Tyslalli~.ation or dirrusionai changes In the phases 

present OC~UT at this ~lag~ (J6). 

Figure .'1.6; Sag test frame 

measurement of the sag. 

.- Sag samples 
after 100 hr 

-- F.nlarged Area (below) 

Test Frame 

of the sag test frame sho ... in~ the in situ 
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4 

• 
The samples are placed on a rechmg"iar frame (tlgure 3.6) where the sample Sllppor1~ 

have an outer radius of 5mm and are 254mm apart. The design is ~imi1ar to that llsed 

by l.A. Douthett (05). The denec(ion was measllred in ~itl1 on the frame prior to 

placing the samples in the furnace at 850°C for 1 DO hr. The permanent denection of 

the samples is measured, in ~ilLl, at the point of lowc~t sag between the supports from 

a horizontal Jine joining (he two supporL~ after the 100 hr te~t period. 

3.2.1 Effect of gauge on the sag test 

The idealised stress strain curve (figure 3.7) used for the determination of inelastic 

(plastic) bending of beams appears to simulate in many respects the steady state of 

creep (stage 2 strain ratc is constant for a constant applied stress). 

Elastic .. Plastic 

~ -"' Yield Stress 

Strain 

Figure 3.7; Idealised stress straill cun"c for clastic and plastic deformation. 

The maximum stress moment or moment of resistance lOr a rectangular beam that is 

stre~scd in the fully inelastic (plastic) region has been detennined a~ (06. 67) 

M"~ - V. Sbh2 

Where: 

S - the yield point of the material 

b = hreadth and 

h = depth or thickness. 
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1'11'.1£.,.1"11 ...... (19) 
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on 
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Verification of Sag t~s~ 
+ Sag • Gram Size Correlatll19 To sag Test 

4 ---- -------_.-

• • 
3.5 + -

• • 
e 3 + + + + 
E • 
~ • 2.5 + ~ 

• 
2 + + + 

• • • • 
1.5 

1 3 5 7 g 11 

Sample position on strip and in furnace 

Figure 3.8: VE'rification of the sag te~t indicating no significant variation 

sagging across the width of a ~ample and within the length of the furnace. 
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Rate of Sag for a O.97mm Type 441 material 
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Figure 3.9: Creep rate ohsened for a O.97mm 441 material. 
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Statistical analysis to ddermine the number of samples required 

1llC confidence limits required to make an accurate assessment of any change in the 

degree of sagging would be:: +/- 1mm. The 12 samples tested above arc the largest 

group of sags originating from on~ sampk base. They give an indication ofth~ spr~ad 

or standard deviation that may exist for sag values. The standard deviation was 

determined as 0.54mm. Th~ population of sag valu~s is assum~d to have a lIOrmai 

distribution based on tf1t, small sample siz~ (figure 3.1 0). The sample size required for 

a 95 percent cnnfid~nc~ within +/- I mm of (he ~asl1red sag value was calculated as 

1.13 (applying ~quation 3.1 on pag~ 34). 

7 

6 

5 • ~ 

" c 4 • , .,. 3 
~ 
~ 2 

1 

0 
1 2 3 4 More 

Sag (mm) 

Figure J.IO: Histogl"llrn plot of tbe sag values originating from the verification 

samples. 

3.3 Deep etching, SEM and EllS analysis 

The samples were deep etched at various stages to investigate the morphology of (he 

most common precipitates. lllt' bulk clchant was a conc~ntrakd nitric acid solution 

(65% ) ll~ed deetrol)1ically at 0.8 Amps. The sample was left in the wluti,)n 

(normally 3 hrs) until sumci~n( ma(~rial wa, remov~d. Th~ etch~d >ampJes were 
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coiling. The assumption was mooe that the material would preferentially fonn the 

eubic NbC crw-bides 171. 7lJ. 

---

Nb in solution 
,., ~-------

~ 0.45 

• • • • 0 • - E 
.~ >'--" ~ 0 .2 ._ 0 

,; 0 _ 0 

°D ·z 
.!: -

~E 
0 

" 
0.35 

,., 
0.25 

,., 
0.15 

SO, 

'-+----------+-~-. -------­a--. • • • • 

•• ;==-•• >-__ -o. ____ •• >-___ .o----O.>----~. 

'" 1000 1100 
Temperature (0C) 

1200 1300 

Figun: 4.1; The ealculatl-d solid solubility of niobium in a ferritie stainless stl"1:1 

based on Fujimura. 

4.1.2 Correlation analysis 

The correlation between all of the various data dr;mll for analysis was deleilllined by 

means of the standard formlda for the correlation coefficient ('1.1<). The strongest 

relationship existed between the sag value and the fUlal gauge (table 4.3) of the 

material tested. In essence this is a logical consequence of the relationship between 

the slrell!,.>1h of a beam and the thickness as shovm in the previous section 3.2.1. 

The non-linear regression analysis package from Statgraphics was applied to lhe sag 

value and the !inal cold rolled gmlge (0 obtain the relationship bctv.'een the two 

parameters. The relationship obtained was: 

Sag = 12.7987689* gallge-10266Zm Correlation Coefficient = 0.604608 
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Table -1.3 

Initial corrc1ati"n analysi' "I" all 31 paramcru, "braincd f",· in\'c,rigati"n. 

==::0 

Last Pass 

Nb 
I 

rhe fonnula was simplified to: 

, 
Sag = 13*Gauge·· 

023 

-005 

007 
0,10 .. __ . 
047 

'Dle n()rrnaliLCd valucs for sag would tbus be: 

(S<lg*G-4uge") IConslanl - I 

-0.24 

0,08 
-045 

-0_0t-9 ---l 

-0_05 
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'Ih<-' above analyses vindicates the use of the plastic region in the analysis of lh~ gauge 

on lhe 'lag lest in section 3,2.1 and correlates with the theoretical analj'sis that th<-' 

max im lim ~lrcss moment is directly related to the squarc of the thickncss, Vih<.'n thc 

sag values are n0!1I1alidd the next ~tronge~t relationship i~ thc calclliated grain size 

(l~hle 4.4) am) is visually shown in figllre 4 ,2. 

Tabl~ 4.4 

Correlation analrsi~ matrix aft~r normalizin~ the sa~ values. 

Parameter (Sag'Ga uge2)IConsta nt Grain size (mm) Nb 

(Sag*Gauge )IConstant 100 -0,59 0.56 
Grain size (mm) -0.59 1 00 -0,24 
Hot Gauge ·006 0,13 -0.23 
Reheat Retention Time 0,10 0 00 000 

. 

Discharge Temperature 0,32 -0.46 0.48 
fNumber of Passes on Hot Mill -0.06 0,23 016 
Max. Last Pass Temp 034 0.46 0,41 
Ave. Last Pass Temp 0,37 0.45 0.43 
Down Coil Temp 0.41 0.48 0.36 
Hot Band Line Speed 0,00 o 16 0.05 
Hot Band Time at Temp 0.24 -0,07 0.39 
Hot Band Strip Temp 0.09 0,25 0.1 1 

. 

Cold Band Final Line speed 0.00 0,14 0,16 
Cold Band Final Time at Temp -0,02 -0.07 0.20 
Cold Band strip Temp -0.38 066 -0, 18 

. . 

C 0,02 0,04 -0 12 
Mo 0.09 0.18 0,10 

.. 

5i -004 
, 

-0.19 -009 

I 
. 

Ti 0.13 -0.12 , 0.47 
Mo 0.07 I -0.10 I -002 
C, -0,06 -0.04 ' -0 12 
Nb 0.56 -0.24 1.00 
Calculated Reheat Nb 0.51 -0.25 0,92 
Calculated Down coil Niobium 0.52 -0,31 o 9.1 , 
% Cold Reduction 0,03 , 0.12 -0 02 
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- 0.09 • -E O.OB • • • E -
'" ~ 0.Q7 

'" * • 0 0.06 , 
•• • . ....... 

-' 0.05 
, 

U) 
~ .... • 0 " • • 0.04 
0 -- • " .I! 0.03 
0 - 0.02 
• • 0.01 0 

-' 0 -
0 10 20 30 40 

Normalised Sag Value (mm3
) 

Figure 4.2; Graph of grnin size versus the normalised sa~ value 

The Nabarro-IIerring diffusional creep equation described in section 3.2.2 indi<:ales 

that the degree of sagging would be inversely proportional \0 the ~lI!I.Te of!he grain 

size. If this is applied to the above matrix it is s~en lhmlhe coudalion <:oetlicient 

increases significantly between the grain size and the nOlTIlali~",d ~ilg yalue (table 4.5), 

In addition it is seen that the niobium has a relatively strong rdalionship ",'\h the sag 

value. The three most significant parameters that affect the cre~p s\renglh in type 441 

material have thus be~n id~n\illed as lhe gauge, grain ~jze!l.lld the niobium content. 

In light of the fad that both the gauge !I.Ild grain size have squared relationship with 

the sag value. the regression analysis included the square and invers~ square of all of 

the parameters. The most simplistic model obtained (table 4.6), had an adjusted 

correlation coefficient (R.SQ. (ADJ.) = adjusted for the numkr of ind~pendent 

variables in the model) of 0.7777. This means that the model accommodlte~ 

approximalely 78 perc~nt of \h~ variance ohserved in (he data. The standard error of 

~s\imale (SF) i~ (he calcuJakd :;quare route or the re~idual mean square and gives an 

indication of the unexplained variability of the dependent variable. The mean ab~oluk 

error (MAE) is the average error to be expected in a prediction and in this case it i~ 

2,94. The modellhu~ predicts a sag value plu:> or minus 3mm. The Durhan-\Vatson 
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st;l\jslj~ i~ included for refen:nce and is a measure of the serial correlation of the 

residual, (nllmwll y used I'OT lim~ ba~ed ~lali ~lic~). 

fable 4.5 

Changt- in ~orrelalion coefficient, due to the invt-r,t- ,qua red yalue of grain size. 

Parameter (Sag*Gauge )/Constant 1/Calculated grain si;o:e 

(Sag*Gauge )/Constant 1.00 072 

l/Calculatedgrain sizer- 0.72 1 00 
. .. -

Hot Gauge ·006 0,07 
_. 

Reheat Retention Time 0.10 0,03 
Discharge Temperature 0.32 0.51 

~~bc:r of Passes on Hot Mill 0,06 -0 13 
Max. Last Pass Temp 0.34 050 

-
Ave. Last Pass Temp 0.37 0.49 
Down Coil Temp 0.41 0.44 
Hot Band Line Speed 000 -0.13 
Hot Band Time at Temp 0,24 o 16 

- - _. 
Hot Band Strip Temp -009 0.23 
Cold Band Final Line speed 000 0,24 
Cold Band Final Time at Temp -0,02 006 
Cold Band strip Temp 038 -0,53 

C 0,02 0.01 
. 

Mo 009 006 
5; -0.04 0.18 
T; 0,13 0.17 

-
Mo 007 002 
C, -0.06 -003 

._ .. 
Nb 056 0.41 
Calculated Reheat Nb 0,51 0.34 ._. - .. -
~a,lculated Down coil Niobium 0,52 0.41 
% Cold Reduction 003 -0 16 

Nb 

0.56 

D.41 

-023 

0.00 
:J.48 

0.16 
0.41 
0.43 
0.36 
-005 

0.39 
0.11 
-0 16 
020 
0.18 

-0,12 
o 10 
0.09 
0.47 
-

-0.02 
-0.12 
1 00 
092 
094 
0.02 
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TaMe -1.6 

Must simpli~tie mudel. 

Independent variable coefficient ~td. error t-"Illue sig.kvel 

CONSTA.Yf -8.451 1.0367 8.152 0.0000 

lfgrainsize (mm) o.oon 0.0003 7.2059 0.0000 

I3fFinal Gauge (mm) 1.037 0.0476 2'-776 0.0000 

4*Nb (Mass ~.) 5.0366 1.05 4.7969 0.0000 

H.. SQ. (ADJ.) 0.7777 
SE 4.256472 MAl! 2.940791 DurbWat . 1.498 
177 observations fitted, l'orecast(s) wmputed l'or 0 missing val. of dcp. var. 

" 
" Std. Error standard error ofthc coefficients t value eoen'~lentistd.elTor 

Sig.lewl ~ pmbability that if no contribution was made by \hal variable a largcr 

absolUl~ t-value would occur. 

The model does nut appe~r to give \he full pktme of the interaction betwcen niobium, 

grain sizc and the sag observed. It would be cxpected ihat as the niubium wntent 

increased the sag wDuld dec.-ease. due to either more residual ninbium in solulion 

(snlid snlution stren!,>thening) Dr more niDbium available to form the laves phase to 

inhibit sagging. This is not observed and it is leI\ \hat niubium has a more significant 

effcct Dn the !,'Tain structure either by pinning of the grain boundaries (due tn 

precipitates) or by the retllrdation uf recrystallizatiun and grain growth due to solutc 

drag (7.'). A modd that attempted tu relate the sag value to a greater number nf 

processing parameters was fOillmlaled and is diSl;\lSsed in Appendix 2. 

4.2 Precipitate morphology and composition at the various 
production stages. 

Thc morphDIDgy of the precipitates at every stage frum the tundish to thc final cold 

rolled produd was inve~\igaled. The morphnlngy of lh~ precipitates was deleilllined 

by elcetrnlytically dcep etching as this gave a three dimensional vic'",- of the 

precipitates. The samples were ~xamined in an d~etmn mkro~wpe and Energy 

Dj~pcrsjvc Spectroscopy (TIDS) analysis was pelfomled un the precipitatcs. 

I 
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4.2.1 Tundish sample 

Toc tundish samplc' is a molten sampk (+/. 1500 0q lakcn from the tundish that is 

rupidly solidified (air cool followed by a water quench). The nmdish sample W~ 

taken in order to de\eTTll;nc if any second phase existed in the liquid at this 

temperature. 

" , " 
, 

~'. 
, , , , 

"- . '. , " -

, ,. , , • • • '\ 
\ 

, " 'I 
- t ~ " 1- # .. 

• i 
\ 

I • , 

- • 
1 

> A • I 
• 

Figure 4.3: SI!:M micrograph exhibiting the general morpholog) of the 

precipitatt-s found in the tundi.h .ample (lS00X) 

I"he tumJish salnp1e exhibited line precipitates (less than 15 microns in size, figure 

4.3) \~ilh a composition consisting primarily of niobium. It i~ uncertain if iron and 

chromium are present <IS they are expected 1.0 occur in the spcctnun due to toc largc 

intenl~lion volume of toc beam with the specimen (spe~tnun 4.1). The !,,>enenll shape 

of the precipitates are platc-like and crndfonn (figure 4.3). The absence of \ilaniwn 

carbonitrides ~oncurs with li\Cm\ure {7o))1 that thcse would be in solution at this 

tempenlture. The presence or a niobilUTl rich or pure niobium phase at these 

tempcratllres docs not appear to have been reported. The presence may in iGdf ll(J\ be 

I Columb<lS Stai~ Ie" Heat 3 12218 
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~trange as niobium mclts at a temperatUTe of 2468 °c and could pos.sibly have 

segregated within the melt to form the precipitates. 

.. 

I 

"" 

SpeNrum 4.1 EDS analysis or the precipitates present in the tundish sample. 

4.2.2 As -cast sample 

The as-cast structure obtained from a slab sample" exhibited larger precipitatcs than 

..... ere observed in the tundish material (figure 4.4). "I he niobirun has attached itself to 

the titanirun carbonitride~ that have formed during solidification. "lhe niobium has 

precipitated out as nodules or platelets mainly on the sharp corners of the titanium 

precipitates (figure 4.4A and 4.4n). The precipitates are therefore a composite 

consisting primarily of a titaniwn corc (prcslllllahly carbonitridc (~pcclmm 4.2A)) 

with prtltru~ions of niobium (presumably carbonitrides (spectrum 4.213)). "llJe 

tiwnium precipitates appear mo~l1y as clustcr~. 

'ColumrnJ< Stainlc." , lab malerial Ir()m Mf'O 319SS03 
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Figure 4.4: SEM image of the general di,trihution and morphologies of 
precipitates in the as-cast material after deep etching. 

Figure 4.4: A and B: SEM images of the representing the typical precipitates in 
the as-cast material after deep etching. 

" , 
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Spectrum 4.2A: Spectral analysis of the titanium inner core of many of the 
precipitates in thc as-cast material. 

•• 

Spectrum 4.2B: Spectral analysi~ of the niobium protrusiom observed on many 
of the precipitates in thc as-cast material. 
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4.2.3Transfcr bar sample 

The tran~fcr bar (appruximately 281mn thickness) r~pre8~nl8 the lran8ilion 8lage 

between the rULighing min and the hot tiniffiing mill (Steckel mill). The malerial has 

been reduced from 200mm ill approximately seven passes and has cooled from about 

109(r'C (reheat furnace drop-out temperatlJre) tu approximately 950"C prior to 

quenching. The trallsfer bar exhibited precipitale~ consi\ding primarily of titanium 

(carbonitride) cuntaining cuboids surrounded by nodules uf prccipitate~ con8i8ting 

primarily 1.11' niobium (figure 4.5, 4.5A 4.58). EDS analysi~ uf the precipitates (core 

and protrusiolls) j~ similar tu that lound in the a~-cast stmcture; however, the 

chromium and iron peaks are luwer (~pcctrum 4.3A and 4.3Fl) and this could be a 

flillction of the larger size 1.11' the prccipitate~ as the beam is probably analyzillg more 

1.11' the precipitate than the m~x material. 11 is at Ihis stage that lhe cuboid titanium 

precipitate is present in r<lther large numbers and pcn;ist~ thnmgh all of the process 

~tages. The rehe-<lting at approximately 1090"C modifies the morphology of the 

precipitates and it could be postulaled that titanium carbo nitrides grow/form 

preferentially, th~ ill tum form prefen:ntial energy sites lor niubium precipitatiun. 

4.2.4 Hoi band sample 

A sample was taken from a hut rolled cui]) priur to annealing. This material has been 

rolled duv>T1 from approximately 28mm to 3-6mm in 5-7 passes wilh a final pass 

temperature uf appruximately 850°C. The strip is th:n rapidly cooled (to avuid the 

lave, phase transf<lfIuatiun tempcr<ltu.re range) to approximately 650°C by means of 

laminar cooling v.ith water and is theu cuiled. The coil is left to cool fur 3-5 days tu 

approximmely 50 Uc befure further proceS8ing. Twu dill"crent[y shaped precipitates 

could be idcutificd in the hot rolled material. These cunsisted uf the same cuboids 

lound in the transf~r bar (l'igLiTC 4.6A) and a platc like precipitate (tigure 4.68). Th~ 

piute like precipitates were nut as ubunilimt but had a ~imilar compositioll as the 

protrusions surruunding the titanium precipitales and consistcd primarily uf niubium. 

The possibility exists that this prceipitatc is a laves phw;e, although these reportedly 

unly starl IOrming at approximately 700 °C. 

, ColWllbllS Hot rolled coil nurnber 3122184 
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• 
I 

Figure 4.5: Deep etch of transfer bar material 

A II 
Figures 4.5 A and B: Deep dch of two types of different morphologies of pits 

identified on the transfer bar material. 
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•• 

Spectrum 4.3A: Spectrum anal~'si~ of tbl' core of the pndpitalH in the transfl'r 

har sample nhibiting mainly titanium 

i 

--- -
Spectrum 4.3B: Spectrum analysis of the protrusions seen on the precipitatl'S in 

the transfer bar showing that they contain mainly niobium 

65 
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b~"d m~fcrhll. 

.. 
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4.4A 

4.2.5 Hot rolled and annealed sample 

The hot rolled and annealed (950"C) sample4 exhibited precipitates (fib 'lire 4.7) 

~imilar in shape and chemi~try a~ that obtained after hot rolling. I he nnmber of fine 

niobium rich precipitates, however, appeared to be significantly more. 

4.2.6 Cold Rolled l\1alerial 

The cold rolled (approximately 70 per cent cold redl.lCtion) and annealed 

(approximately 1050 uq material l after deep etching once again revealed (llgure 4.8) 

precipitate~ predominantly rich in niobium and titanium (see ~pectrum 4.5 A and 8). 

The cnboid clnsters present after hot rolling have been broken d01Wn into ~tringer 

precipitate arrays. The fine randomly distributed precipitates were analyzed as mainly 

consisting of niobium (spectnun 4.5A). 'Jbe semi-quantitative analysi~ al'\O picked-up 

iron and chromium although this is assumed to come from the surrounding matrix 

material. 

Figurc 4.7: SEM image of the hot band annealed decp etched structure. 

' Colllmtm' Hot Rolled and annealed Material MPO 32Q()782 
, ColllmbtJs final Material MPO 3187411 
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Spedrum 4.4A: EllS analysis of the fine precipitates in the hot band annealed 
material after deep etching. 

Spectrum 

4.SA 

Figurc 4.R SEM image of precipitates preseut in final cold rolled and annealed 
material aftcr dcep etching. 

Spectrum 

4.5B 
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Spectrum 4.5A: EDS analysis of the smaU precipitates as marked in the figurt-
4.H above. 

•• 

Spectrum 4.5B: EDS analy~is of pre~ipitate at positio" 4.:>;8 in the SEM figure 
4.8 above. 
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Chapter 5 Experimental results 

5.1 Experimental heat treatment of cold band material 

A particular production heat of a>-coJd rolkd sh~d \Va.> 5ubj"'~t~d to varioU5 heat 

lTt'almenls in Ihe laboratory to investigate the affe~t that ann",aIing time and 

lemperalure~ has olllhe following metallurgi<:al propt'ni",s; 

• Area p~r~'mt of precipitates 

• Grain grov.th <:haT!u;lerislic~ 

• Sag resistance 

In addition the dissolution of !hI' Jaws phas"" wa~ investigated after sag lesting. The 

possih.ility of increasing th", sag resistance was explored by altering the final 

annealing practice, as well as h.y introducing an ageing treatment. 

The cold rolled mat~rial had r~cei,ed a cold reduction of 75 per cent and had a gaug~ 

of 1.59mm. Th~ micrographs of this material anneal~ at various limes and 

temperatures are given in appendix 3. 

5.1.1 Effel't of annealing temperature on the second phase area 

fral'tion. 

The cold rolled material] generally diU not appear to exhibit a signifkant ~hange in 

the volume ltaction of predpitatcs for the time and temperatures investigated (figure 

5.1 A and 5.1ll). The second pha.~e area Ii-action appears w show a possible increase 

in the se~oruI phase for material tested at 975°C und bt:low rukr approximately 1000 

seconds. In addition a visual qualitative analysis of the mkrographs indicated that the 

material exhibited a signi Ikant amollllt of very fine small precipitates at temperatlJl"es 

below lOOO"C thun above this temperature (appendix 3). 

J Columbus cold wiled m"teriai numl>cr 31 ~3754 
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Figure S.lA: Phase peret-nt at \'ariops times and tempernlures. 
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5.1.2 Grain growth in cold rolled material 

The grain growth (including recovery and TCcrystallization) of the cold rolled material 

was investigated and it was found that by u~ing an exponential relationship the time 

required to obtain a certain grain size at a fixed temperature could be matlrematically 

simulated. TIle mathematical relationship (using the dalu in appendix 4) is given a~: 

t - KellDl 

'Wbere: 

t - is the annealing time in seconds for the time in the furnace. 

D~ = the average grain diameter in millimeters and 

K and n are constants. which depend in this case on the annealing temperuture. 

The values for K and n (table 5.1) can be dctennined by plotting the nalUrallog of the 

annealing time against the a~eragc gmin dimnctcr. Thc data in the tempemrure range 

950 to I tOO °c was used as no significant grain growth occurred at 900 and 925°C. 

TIle exprcs~ion enables an accurate prediction of grain size for the pmdllCtion cold 

mlled material at different temperatures (tigure 5.2). The above approach included the 

recovery and recrystallization that the matenal would observe during normal 

annealing of cold rolled prodl1Ction material. ·Ibis i~ unlike the approach commonly 

used in literatuTC, ,,·here grain growth is considered on its Ov.u. 

Tabl., 5.1 

Values for K and n in the exponential gr .. in si"., F:quation. 

~mp"nlture(oC) i • K R - Cor. co.,r. 
1100 23.77 43.28 0.858 
1075 27.58 42.37 0.912 
1050 33.00 40.77 0.fiX8 
1025 50.83 2fi.02 0.819 
1000 43.54 63.14 0.768 
975 141.80 13.26 0.849 
950 212.75 5.39 O.'I9Q 
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Figure 5.2: Grain growth in cold ro lled material. 

['he general formula normai1y ,,_Ii found to corn.;lalC with cXfX'rimcntally obtained 

data to describe the in~reasing grain ~i~.c aller initial primary recrystallization is a 

simple pamooli~ equation (empirical kinetic relationship): 

D =Kt" , 

Where: 

1 = is the annealing time in seconds for the time in the furnace_ 

Dg - the aVeT3ge grain diameter in millimeters and 

K and n are constants. whkh depend in this ca~ on the annealing tcmpcrarnrc and 

metal"s composition. 

ihis equation ""<IS not used in thi~ ca~ as all of the data obtained included the effect 

of recovery and recf)'smllization and the above eql.l<!tion is reponedly only valid for 

pUTC grain gro",,1h. The eql.l!llion was, however, applied to the prc~nt data tn nhserve 

what the correlation would he. The lime exponent {n} is nnnnally found to lie between 

O.05_0.5'lli.ln additinn it was found to increase in vml.le as the temperature increased. 

A similar trend was found for the present data (tahle 5.2). The data used in this 

.. , 



Univ
ers

ity
of 

 C
ap

e T
ow

n

anal) .. ~is excluded any valucs in timc below 270 second" as this is apflToximatel)' the 

time n:quired for the flTesent ~kClto reach tcmperaturc (lI). It i~ aS~llmcd that fOT thc;;e 

longer times the atfect of recovcry and rcc1)sta1lization can be minimised to some 

~xtent_ 

Table S.2 

Values for K and n in the paraholic grain size Equation. 

o 
o 
o 

o 

o. 
() 

o. 
o. 
r . 

The derivation from basic principle~ of grain grov,1h after primary rccry~talli"<ltion 

has t>o;,en done by V<lriOll;; authOTs {71j. The fO!1l1ulil postulated by Burkc is; 

Where: 

0 , - the aycragc grain ~izc diamctcr 

t ~ the annealing tim~ 

c, - a con~tant that includcs dlC grain-boundary specific intcrfacial encrgy 

Q1 = the a~tivation energy fiJr grain bouruhr)-' migration 

R - the 1)niveT&11 (international) gas constant = 8.314 X I (f'J/(kg){molc)( dcg) 

T = the absolute temperature 

The data that has becn obtained by experimental means to determine the grain size of 

the material includes all a,pe~ts Telating to the ",covet)', ",crystallization and grain 

growlh a~ it would pertain to heating a ;;pccimen in a laboratory furnacc. The analysis 

oflhe data by using the above equation to determine the activation energy for grain 

boundary migration is therefor incorrect. Thc above ""iuation can, how~v~r, t>o;, used to 
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dctcnninc a single activation enerb'Y 11.11. which can be used to indicilt~ if any 

fimdamcntal change in the activation energy has occurred. The activation energy 

required to obtain au average ASTM grain size of 6 was determined by plotting the 

narural log of time against the inverse of the absolute temperature (figure 5.3). The 

plot should theoretically give a straight line from which the activation energy cau be 

determined. In this case a point of inflection is noted at approximately lOOi'c. This 

appears to indicate in general terms thm there is il significant difference in the 

recovery. recrystallizmion and b'fmn grov.th characteri>tics of this material ahove and 

below approximately IOOiflc. This chang~ in octi\"dtion enerb'Y. in addition. is 

significant as it i~ an onler of magnitude larg~r 1Jt,low 10000 C than it is above 1 ()(~PC 

1114k1imole and 113kJ/rnole resJ)t'ctively (gnldi~nl or curv~ multiplied by the 

Universal gas con>tant). 

11 

10 --0 
9 ~ c 

0 
u B m 
-"-c 

7 -m 
E 

6 ~ -0 
m 5 
0 

• 4 -, -• z 3 

0.00072 0.00074 0.00076 0.00078 0.0008 0.00082 

Inverse of absolute Temperature (K-1) 

Figure 5.3: Plot of the Ln (time) versus the imerse of the absolute temperature 

ror a fInd grain size to determine the acth'ation energy. 

0.00084 
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5.1.3 Sag resistance of material after \'arious experimental heat 
treatments on cold rolled material. 

Two line~ or inve~lig"lion were lallowed. The initi"l wa~ to obtmn an optimum 

annealing cycle with a ~ingle anne"l 10 obl"in the maximllm resislance to s"g. The 

second wa~ to identil).' if the ~"g resislance could be enhanced by a secondary tcmper 

or ageing treatmenl to promote the precipitation of a secondary phase prior to tcsting. 

In addition, lhe production material appeared to indicate a rather strong link between 

the iinal annew wxi the sag resistance of the material. This part of the investigation 

would also detennine if this link exists after experimental heat treatmcnt~. 

Material" after cold rolling was heat-treated in the temperature range 925 QC lo 

1100"C to obtain an ASTM b'fain size of bern'een 3 and 8. The data collected lur sag 

testing after atillealing is presented in figure 5.4. Although ~ignificant scatter is 

present there is a general increase in sag resistance with an increase in l,.'fain size. 

16 ~----- ' - ------, 

14 
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2 
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'./ . -././ . 

~ 
• '0 ~ 

• .. no h 

00 0 '-"/I/; 
.."",/ li 0.... ,/ 

.,.,.,./ ."'00 0011 00 / ____ "j il 00 0 !JBLl/ 
__ ---- • o· 0 0 0 y'" 
110"1 • II. 0 o~/ -- ------

0 

3 4 5 6 7 8 

ASTM Grain Size 

Figurc 5.4; Thc c\pcrimcntal rcsults of the effect of various hfilt treatments and 

grain sue on the sag vlllue. 

Columbu, !>eOl number 3 I ~375 
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5.1.4 Statistical analysis of experimentally annealed cold band 

material 

1bc cOlTClation coelJicient was calculated, by means of the Statsgrnphics package (H) 

for 100lowing pW<lll1elers obtained for the cold rolled experimentally annealed 

material: 

• S" 
• 1im~ in fumoce (seconds) 

• Furnace set temperature fC) 

• Niobillm in S<llution using the set temperature and 

• The calculated grain size, lioear intercept length (mm). 

Table 5.3 

Correlation Coefficients for the experimentall~' annealed cold rolled material. 

, 
Solution at 

solution at 

lhe calculated gTain si~,.e was seen to hMc !he greatest correlation with the sag 

followed by the time in the furnace (table 5.3), given that the grain size and time in 

the furnace arc rdated. this observation is nul sU1prisinB· The reasonable fit (multiple 

linear regression analysis) for the data was obtained by using only these parameters 

(table 5.4. figure 5.5). The wood obtained fium experiwentHI UlUleHling of cold rolled 

n13teriul is thns: 

Sag =2.866471 I 0.002348 ',,'nlin size2 (mm) + 30056.038725Irrime in Furnace2 (sec) 
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Table 5.4 

The sag model obtained from experimentally annealed eold band material. 

IJ)29R4 0.7);7 

, var. 

Sig.Jcvc\ - probahility that if no contribution was made by that variable a larger 

absolute t-value "ould occur. 
_._- -
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Figure 5.5: The predicted sa~ l'ersns the observed sag for the model obtained by 

mnltiple linear regression. 

5.1.5 Secondary ageing treatments applied to cold rolled annealed 

material. 

The malerial that was aged (from I minute to 2hrs at temperature (140 seconds 

required for the material to reach temperature)) at v~rious lemperature~ ""as initially 



Univ
ers

ity
of 

 C
ap

e T
ow

n

annealed at 10500C to obtain an average ASTM grain size of approximately 8. The 

logic followed for the smaller grain size (larger ASTM number) ",cas that should the 

ageing prove successful. the result would be a significant increase in sag resistance at 

this fine grain ~tructure. 'Ibe sag values of the material in the allllealed only ~ondition 

WCre 8 and 13 for the t\VO batches tested. The aged material appeared to indicate that 

there was a central zone (topographi~al plot, figure 5.6) at all temperatures in which 

the normaliscd sag resistance is iocreased slightly but, the majority of the sag values 

appeared to fall in the range of approximately 8-13= indicating that the ageing 

treatments do not significantly improve the sag resistance. 

011-14 

. 8-11 

OS .. 

1 2 • 8 16 

Aging Times (Minutes) 

32 60 
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900 
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soo 
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Figure 5.6: Topographical plot of the degN"e of sagging obtained at various 

ageing times and temperature. 
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A signifiC<lllt Hmount oCprecipi131CS formoo in tlx= stoxh aller long ~riods of 

ag~; ng 111 aU the: t.,.mper.llur"", (paT1 icu larly 75() and 800 °c ). ti:.::re i., a mu~h mot'e 

ob\·iou.~ sprinkJ i Qg ofli~ prec ipi1a1es in figures 5.8 oompared LO tigu~ 5.7. 

-
, 
'" , 

~ 

\.: 
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Figure !>.H ,ample ag~d at 7S0uC for2 Il rs. 
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5.1.6 Dissolution of precipitates after sag test 

The material after sag testing (HSO"C for lDOHrs) usually exhibits a signilicant 

increase, from a residual level or approximately 2 to 7 phase percent. in the amOlll1t or 

precipitates (figure 5.9 aI1d 5.10). These prccipitatcs could not be occurmely analy~ed 

on the SEM due to the ir small size. 11lc dissolution rate of these precipitates was 

investigated at tviO lempemtures, j 000 "'-' and liDO "e (fib 'lIre 'i.ll). TI,e pr~cipitales 

appeared to dissolve rapidly v.ithin I to 2 mimrtes of the samples being placed in the 

furnace and stabilised tn the residual limiting precipitate level or approximately 2 to 

2.S per cent area. This appears to indicate that if these precipitates possibly liJITn~d 

during hot band annealing they would rapidly dissolve during final cold band 

annealing at temperatures above 1000'\.'. 

• 

• 
• 

• 

• . . 

• 

• 

Figurc 5.9: Micrugraph "f the material' of the material prior to "ag testing. 
IOOOX magnificati"n micron marker" 50~tm. 

, Colwnbus cold rolled IlliIteria! ulIIllber J 133933 
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~ .. ...... 
Figure 5.10: Micrograph of the materinlJ of thc material nfter sag ,.;;;~. 
IOOOX magnification micron marker ~ 50~m. 
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Time at temperature (Minutes) 

Figure 5.11: Dissolution rate of precipitates of a material after a sag tcst at 850uC 

for lOOhrs . 

. ' Columbu, cold rolled matcri~ll1umber 3 133933 
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5.2 Experimental heat treatment of hot band material. 

10 this section, the material received in the as-hot rolled condition (po.,;t the Steckel 

mill _ no annealing) i~ ~libjected to vanolL, heat treatments in the laboratory to 

investigate the efl~t that annealing time and temperature has 00 the following 

metallurgical properties: 

• Area fraction of precipilales 

• Grain growth characteristic.,; 

• Sag resistance 

The hot rolled material is rolled from a slab with a thickness of approximately 200mm 

to a final gauge of 3 to 6mm (total redl1Ction of approximately 97.8 per cen!). The 

average last pass temperature on the Steckel mill is approximately 9(){)0C, which is 

above the laves phase transformation temperature. The coil is then quenched via 

lamina water cooling to a temperature of approximately 650°C, which is reportedly 

below the Laves transfonnation temperature. 

5,2.1 Effect of annealing temperature on tbe area fraction of second 

pbase and grain size after bot rolling 

A hot band sample} was obtained to detennine the inlluence of lime al 1000"C and 

1 ](Kl °c on the second phase area fnldion. Given the scatter in the data presented in 

figure 5.12, there is 00 discernible variation in the .';econd phase area ii-action over thi.,; 

heat treaunent range. There may of course be a change in the second phase area 

fraction thai is no! detected by the microscopy technique employed here. The b'l"llin 

size of the hot band material was also recmded (figure 5.13). -[be ASTM grain size 

number ~tabilises between 4 and 45 for the temperatures l000"C and 11 OO°c. The 

material at 11{){)"C reaches the limiting grain size at a h<rter rate than at ](){)O"C, as 

would be expected. 

'Columoo.llot Rotted Coil Number 3182872 
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Figure 5.12: Second phase area fraction in the hot band material after annealing. 
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Figure 5.13: Grain size of material after hot rolling_ 
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5.2.2 Sag resistance of material after various experimental heat 
treatments on hot rolled material 

Hot hand material" (6-mm gauge) wa~ obtaintxl post hot rolling and o:xposo:d to 

yarious hot band-annealing temperatures from 9OO"C to 1250"( for two bours. This 

was done to in\~8tiga\o: th~ possihle affcct lhat various hot hand annealing 

temperatures prim to cold rolling would baYo: <.m (ho: 8ag r~siS\ane~ or tho: mat~tial. 

The o:xcc~sively long time in the fumaco: wa~ l0 sinllliato: a batch ann~aling process . as 

tbis probably wOlild he the only logical way of annealing these 8to:ds a( Ureso: high 

temperatures. The poor (ensil~ strength ofthc stccls at these high temperatures (above 

I 100"C) prohihits the processing or thi8 ~t~d on the continuolls anneal and pickle 

lines. Alkr (he ~xpcrimental heat treatments. the but band makrials were cold rolled 

to a final gauge of approximately 1.5mm. The cold rolled sleds WO:Ie tbo:n 8ubjeeted 

to an anneal at 1000 "c and 1050 °c for 264 and 140 seconds respectively with th~ 

aim oj" obtaining an average ASTM grain siz~ nllmJ:>t,r of approximately 6. IImvever. 

this b'Tain size VillS only obtained in the final ma(o:tial alkr the hOI hand had been 

annealed for two h<.nlr8 in the to:mpcrature range 1000 °c to 1 J OIPC (tabl~ 5.5) and 

when the cold band anno:aling Vias carried out at 1050 "c. The etched grain 8hape 

changed from equia.x~d to a microstructure that contained wavy grain boundaries 

when the hot band makrial was anno:al~d at temperatures above 1100 ('C. The 

microstructure in most cases also consi8to:d or a dual (bimodal) microstructure with 

hands of fine and coar"",, b'Tains (appo:ndix 5). Thi8 could bo: rdated (0 th~ ract that 

exc~8sivo: b>Tain grov.(h (secondary recrysmlisation) occurred in the hot band material 

annealed at 10500C and aboyo: (app~ndix 5). 

100 material showed a con~islent improvo:m~nl in sag re~is(ance (0 approximalo:ly .~" 

4mm (tabk 5.5), when lhe hot hand is annealed at 1000 "c and above. as is shown in 

figure 5.14 . 

• COllL",b u.; ",.teri.! MPO 3284253 
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Table 5.5 

ASTM Grain 
size NO. 

- + Cold band anneal at 1000 
'"'E • E 30 • • Cold band anneal at 1050 -
'" 25 • '" " 20 • •• • 15 • 
E • " 10 • • 0 • • • Z • • 5 

850 950 1050 1150 1250 

Hot Band Annealing Temperature (DC) 

Figure 5.14: Graph indicating the effect of hot band annealing temperaturc on 

the normalisffi sag resistance ofthc final cold rolll.'d annealed mare-riaL 

5.2.3 Effect of various hot hand annealing temperatures on the final 

mechanical properties. 

It may he postulated that as the hot band annealing temperuture incTea~e~ the amount 

of niobium in solution should inerea~e. This should increase the proof stress of the 

[mal cold rolled and annealed material due to solid solution >trengthening. The proof 

1350 
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stress did indeed show " ~lighl lOCn:as~ ",ith . . 
00' b<md annealing mereasmg 

(emp<:r.llure (Jigur~ 5.15). There i~ al~o a slight dm>.1Jward trend in elongation that 

may impact on l1:te formability of th~ material, 

33' 31 - .. ~ + Proof 

330 • EJo~gation • • • • 29 

• 325 • 27 

<U 320 • 
~ . • 25 

• 315 • • • • 
~ • • 23 
0 -310 0 • • • , 

21 a 

" 
305 • 

~ • • 0 • 19 
300 • • • 17 295 • • 
290 15 

900 950 1000 1050 1100 1150 1200 1250 1300 

Hot band Anneal Temperature (oc) 

Hgure 5.15: Effeet of hot band annealing temperature on the proof stress ami 

elongation of~'pe 441 material. 

5.3 Experimental heat treatment of as-cast material 

In this section 11:t~ m8terial n:ceived in tfle a~-cast condition (prior to (he n:h~al 

lurnace and the Steckel mill) is snbjeeted to various heat treatments in the laboratory 

to investigate the dJed that annealing (reh~8t) (empernture Iuls on the following 

metal1l1rgi~al properties: 

• Area fraction of precipitates 

• Morphological examination of precipitates after each heat treatment - the 

morphology of the as-c8st structure h8s alre8dy b<:en inv~~g!lted in chapter 4, 

• Sag resistance 

c 
0 
0 

" • ~ 
0 • w 
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5.3.1 Analysis of the precipitate area fraction after various reheat 

treatments 

A slab ~mple' was obtained after continuous casting and subjected to the following 

reheat temperatures: 1050 "C, 1100 °C, 1150 "C, 1200"C and 1250°(, lor 2 hOliTS. No 

significant trend was obtained [rom the data (Iigure 5 16). 

0,035 

0.030 I • • c • I • 0 • • ~ 

I :;: 0.025 • I I , • - • • • • • • I • • • ~ 0.020 I • • • • • ~ ; a... 0.015 , 
I , 

0.010 

as received 1050 1100 1150 1200 1250 

Heat treatment (DC) 
~ 

Figure 5.16: Area percentage of precipitates after various heat treatments of as 

ca~t material. The micron marken in the micrographs represent 50 microns. 

5.3.2 Morphological examination of precipitates 

'Ihc morphology of the precipitates appear~ to change with the various heat trcaunents 

as revealed by deep etching of samples. There b'tlnerally appeared to be two 

morphologies of precipitates throughout the beat treatmeni<;. The jiT~t is a dendritic 

type that appears to he composed of a central cruciform consisting primarily of 

tilanillm and summodcd by platelets consisting primarily of niobium (figure 5.17). 

the second type is a strnIdard cubic titrnIillm earbonitride, which ha<; vaT)'ing degrees 

of niobium precipi tation (figure 5.1 8). 

' Columbus St"iuless 'lab material from MPO 3295ROl 
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Figure 5.17; Dendritic ~ pc precipitate \\' ith a cent,.,,1 core crucifnrm and arms of 

primarily titanium and attached platelet- of mainl~' niobinm. As-ca't sample 

annealed at 1050"C for 2 hours . 

. ,.:' ~" .• : •..• '.'., .. .:; ,),j.:.:( 
,~ . ~ --------

Figure 5.1 R; Precipitate consisting of a central cuhic core composed mainly of 

titanium surrounded by the growth of niohium precipitates. As-cast sample 

annf aled at IIOO"C for 2 hours. 
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['he aJnollilt of niobiwn precipitation appeared 10 decrease in quantity as the heat 

lIeatmenl temperature increased (composite figures 5.19 and 5.20). This would, if 

lIue. theoretically increase the amount or niobium in solution and coll5cqucntly 

increase the creep (sag) resistance of the material. 

Figure 5.19: CompGsite SEM Images 0}[ the as-cas! matt'rial after annealing at 

12000 C fGr 2 Hrs. 



Univ
ers

ity
of 

 C
ap

e T
ow

n

Figure 5.20; Composite SEM Imllge, <of thc as-clI,t mllterial IIftu IInnc"ling lit 

12500 C fur2 Hr,. 
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5.3.3 Sag resistance of as-cast annealed material after final cold 

rolling and annealing. 

After subjecting the as-cast slab materialS to the reheat treatments deserihed in section 

5.3.1, the material was then hot rolled to a gaClge of approximately 6.5mm (6.46-

6.6mm). The hot band material was annealed at 950°C for 10 minutes and water 

quenched. The ten minute anneal was used to simulate the plant as the hot band 

material is reportedly at temperature for approximately 0.5 to I minute. The hot rolled 

annealed material was then cold rolled to a gauge of approximately 1.5mm and 

annealed at I0500 C for 140 and 245 seconds (total time in furnace to obtain an ASTM 

grain size numhcr of approximately 6 and 5 respectively (table 5.6». TIlere appeared 

to be a general downward trend in the degree or sagging (nornlalised) as the as-cast 

annealing temperature was increased (figure 5.21). 

Table 5.6 

Sag for ditTerent on As Cast Material after final Cold rolling -
-cast •• ., neal 
erature 
°C) 

Temp 
( 
1 
1 
1 
1 

050 -

100 
150 
200. _ ---

1 250 - -

Cold band anneals at 1050°C 
for 140 Sec.~=-

ASTM Grain ~:u~le (~ag size NO. mm mm - -
7~, 7.4, 7.6 1.42 5.~ _ - -
65,6.7,6.8 1.37 6.5 
6.8 7.1 7.0 1.44 3.5 
71,6.9.7.0 1.32 3.5 
6.8,6.8 6.9 1.41 3.5 

Cold band anneals at 1050°C I 

1-.. ..Jor 245 Sec. 
ASTM Grain ~~~le . 

S •• 
size NO. mmJ. 

6.1,6.1,6.0 1.45 3 
5.3.5.3,5.2 14 4.5 
6.4,6.8,6.8 1.46 2.5 
5.8. 6.0, 6.0 1.32 4 
6.0.6.1. 6.1 1.41 2 -

5.3.4 Effect of various as-cast reheat temperatures on the tiDal 
mechanical properties. 

The results in figure 5.22 were rather interesting in the fact that there appeared to be a 

window 01' opportunity (0 anneal (he material at a low temperature or I0500C to 

obtain a rather significant increase in sag resistance. The tensile results (although 

these are only individual points they give a general trend) were. ho"ever 

disappointing from an elongation perspective at 1050 °c (figClre 5.22). The most 

promising result as far as the elongation is concerned is to reheat the as-ca;1 material 

at a temperature 01' 1 150°C. 

'\fPO 329~803 
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As-CastAnnealing Temperature (oe) 

Figure 5.21: Graph indicating the downward trend in the dej!ree of sagging in 

the final cold rolled material after the various heat trfiltmcnts of the as-cllst 

material. 
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I<igure 5.22: Effed (If the as-cast reheat temperature on the proof and elongation 

of type 441 material. 
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6 Discussion 

The methodology used to increase the creep resistance in steels and more spedfically 

stainless steels is either by solid solution strengthening (molyhdenum) or by the 

formation of precipitates (titanium and niobium) prior to or during servi~e of the 

material. Niobium it appears can fulfil both of these roles initially as a solid solution 

strengthener and then as a precipitate by the fonnation of either carbo-nitrides or 

Laves phase at the service temperature. The complex relationship betw~'en the~e two 

thermodynamic requirements to obtain the optimum creep or sag resi~tance lor this 

material appeared to be at the centre of this investigation. Initially, random samples 

were obtained of standard production material. The grain size and sag value was 

determined for all of these samples and it was observed that some fonn oJ"relationship 

existed between these two and the gauge of the material (figure 0.1). 

,,-,-----,----,' 

••• 
CJ36-41 

• . 31.36 

~ 26·31 ,.. . 21.26 -• 01 6·21 , " 011·16 • • . 6-11 

Actual sag 6.5 .~ . 1_6 

(m m) • 
• 0 

• " 0 

••• 

• 
•• 
• 

08 a.95 1.1 1.2 1.5 1.0 

Gauge (mm) 

Figun- 6.1: Topographical map of the sag ohtaiucd for production material for 

various gauges. 
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6.1 Statistical analysis of plant material 

The statistical analysis of the sag ohtainted for randomly sampl~d material revealed 

that a strong correlation exist~d betwe~n the sag measur~d and th~ grain si~e of the 

materiaL Various attempts w~re made to iocOlporate som~ rorm of the calculated 

niohium in solution. In fael niobiwn had a dctrim~ntal ellec1 on th~ sag resistance or 

the materiaL This could be argued to be related to the fact that as the amount or 

niobium increased in the matenal the amOlUlt of niobiwn in solution lheoretically 

increased which in turn decreased the grain si/.e due to ~olute drag. The processing 

panlmetcrs that may in-fact eontribule to niohium in oolution are the reheating and 

cooling cycles. In this respect the sag resislmlce was directly related to the inverse or 

the slab reheat tempenlture and final annealing temperature and directly proportional 

to the finallirn: speed. TIle latter two parameters directly impact on the grain size. but 

were kept in the model as it was telt that they might in fact still play II role in the 

amOlUlt of niobium in solution. TIle interesting parameter is the reheat temperature 

and the asslUllption can be indirectly made that this parameter is directly related to the 

niobium in solution. 

The final mathematical modd was determined that related the sag value to: 

• rhe gauge ofthc materialtcstcd 

• lhe grain size (diameter) of the material in mm 

• Finaltcmpcraturc of the strip during annealing (C) 

• The velocity of the strip through the furnace mlsec 

• The slah reh~at furnace temperature (0C) 

• The mass per e~nt niobium in the sled 

TIle inlluence of each of these pmamelers on the sag. as predicted by the model was 

plotted (figure 6.2). The greatest influence on the nonnaliscd sag value is Se~n as the 

grain size and the niobium content in the ranges investigated. One interesting aspect 

of this graphical representation is th~ fact that th~ influence of the grain size ~tabilises 

below an ASTM grain size number of approximately 6.5. 
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Figure 6.2: The effect of an increasing change in the parameters iu tht- model on 

the uonnalised sag "alue. 

6.2 Morphological development of precipitates during 

production 

1he interesting aspect of this purt of the investigation was to see how and when the 

niobium precipitates out. A sample was taken of the molten metal (in the tun dish) at 

approximately 150(/'( prior to casting. TI,is sample exhibited fine precipitates of 

niobium; nO titanium precipitates were evident at this stage. After casting, crucifoml 

titanium precipitates "'lth nodules of niobium precipitates aUached primarily to the 

axi~ of the cruciform were observed. The classical cubic titanium carbo-nitride 

precipitates did not appear to be present. A sample after the reheat furnace was not 

inveSligated. The cubic precipitates appeared during hot rolling aller the lirst couple 

of passes on the roughing mill. The cubic precipitates may in lact form during the 

reheat cycle as was conlirnred with experimental work. A significant anlOlUlt of 

niobium precipit<ltes were still present on a central core of a predominantly titanium 

precipitate. presumahly titanium carbo-nitride_ These precipitates were crushed during 

cold rolling and fonned stringers of titanium and niobium inclusions. During no stage 

% 
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of the thermo-mechanical history did it appear as if a signifi~ant amount of niobirun 

had been di~~olvcd or that a significant amoUllt of niobium predpitates had formed 

due to oome thermo-mechanical process. Only the titanium ~arbo-nitriJes appeared \0 

grow in size from the slab sample to the hot band al1llCaied material. The niobium 

precipitate~ a100 appeared to increase in size; however. this appeared negligible when 

compared to the titaniUllI precipitates. 

6.3 Experimental hcat trcatments 

'Ihc permutations used during experimentation were initially limited to a matrix of 

acceptable processing panlmeters for the plant. Temperarnres that exceeded 1100"C 

for example were not investigated 1(1r experiment~ involving hot Ilnd cold rolled 

material. Ihe cold band material was initially annealed at various final temperatures 

rrom 92SoC to t lOO"C. The hot band material was initially limited to tempcrarnres in 

the range 1000 "c to 1100 °c based on the observation~ for the cold band material. 

This v"as expanded to 925°C to II O{)OC for simulation to investigate if the hot bmxl 

matenal should be batch mmealed and not line annealed, as i~ the current practice. 

Finally thc slab reheat temperalUres used in the experimentation were limited to the 

range normally used fOr stainles~ steels approximately I OSO"C to 1250"C. 

6.3.1 Cold band material 

The most important linding from these experiments was that the grain size appeared 

to be the most significant ]Xlrarneter in determining the creep resi~tance of the 

material (figure 6.3). The experimental data indicates. that the material should be 

annealed at I ()(){)OC as this gave the greatest 'window of inl,ea<;ed sag resistance. 

The difikulties aSS(l<.:iated with this from a production perspective is that there 

appears to be a point of inilel"tion in the bulk activation energy (recovery, 

recry~tallization and grain gro",1h) at approxima\ely I ()(){)OC. Thisjemlp in activation 

energy is III order of magnitude larger; at temperatures below approximately lOOO"C 

it is I 113kJlmol, while above this temperature it is 112kJlmoi. This would entail 

significrlltly longer annealing times, which impacts on the productivity ofthc linc. In 
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addition. the literature and the experimental work carried out on the cold rolled 

material (figure 5.1 A) has shown that the precipitates do not appear to fonn a 

~ib>Tli l1canlly larger area fraction at fi nal annealing temperamres at I 050"e and above. 

TI,i" reportedly increases the sag resistancc. This is fllrther substantiated in the later 

work (table 5.6) v.llen the hot band material was solution treated at various 

temperatures and it was found that the sag resistance increased as the simulated batch 

anneal temperarnre increased. In addition it has been shown that should the laves 

pha.<:e fonn during the processing history prior to cold band allllealing, this would 

probably be rapidly taken up into solution should the material be allllealcd in the 

lemperatllTe range 1000 "c to II oo"e (figure 5.11). 

U -10 

02-6 
" o 

Sag (nm) "---'----1--'-----'--
3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 

ASTM Grain Size Nurmer 

Figure 6.3: Topographil'al map of the sag obtained after various heat treatments 

on the imal material. 

rhe experimental data obtained for the sag re~istan~e after various alllleals on cold 

rolled material wa;, 8ubjeeted to 81ali81ieal analy~is. It was IOlmd thallhe am~d of the 

linal RllIlealing parameters on the sag resistance of the material could be 

mathematically lonnlliated as: 

Sag = 2.S7 + 0.0023 5*0-2 (mm) + 30056.04 *r" ----------------------------(Eq llation 6.2) 
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Where: 

G - The grain ~i~.e (diameler) of the malerial in mm 

1- Time in furnace (~eonds) 

This mean~ \hat the sag resis\anee of the material is inversely proportional \0 both the 

b'Tllin size of the material and the lime the material spent in the furnace during !inal 

annealing. The intereSling a~pect ofthi~ rela\ion~hip is that it was found that the grain 

size obtained during final annealing "''liS more a function of annealing temperature 

and niobium in solmion than the time at temperature. The function of the time 

resident in the furnace has an influence on the b'T"illn struclllre: howevCf, in this 

analysis it appears to affect the sag value to a greater degree. This could possibly be 

related baek to the initial analysis of the plant material where the sag resistance was 

found to be directly related to tnc speed of the strip t1Jrough the furnace. The higher 

the ~peed lhe les~ the resident time ofthc strip in toc furnace, speed is thus inversely 

proportional to the resident time. It can thus be said that the sag measured III 

produ<:tion material is inversely related to the resident time in the furnace. 

The ageing treatments applied to the cold rolled material after final annealing 

appeared to increase the sag resistance of the material slightly. This increase occurred 

fmm approximately 8 to over 120 minutes depending on U""" ageing ternperJture 

(950°C too 700GC). This slight incre!~~e (between 101030 percent) did not appear 

significant enough to pursue this Jine of invesligation further. 

It would thus ~ppcar that the Jinal cold band annealing temperature for type 441 

material ~hould be between I ()O()0C and II OOoC. An aim temperature of I 050 "c with 

a resident time in the furnace to obtain a maximlllll ASTM grain size number of6.5 

would give the optimum value for ~ag resistance. 

6.3.2 Hot band material 

The sag resistance of the material appeared to increase as the hot bands' anneal 

temperarnre (2 hours in the furnace) was increased. Initially it could be specul~ted that 

the increase in Ihis value is due to an increase in Ihe amount of niobium in solution 

prior to final annealing. This appeared to be subslantiated by tensile tests which 
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showed un increa~e in the proor stre,,-~ with increasing hot band anneal temperature 

(figure 5.15). The down side of this heat treatmerrt is that it significantly impact~ on 

the elongation of the material und possibly on the lormability. 
- ---- - -_ . 
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Figure 6.4 F:ffeet of the hot band anneal tempernture on the sag resistance of the 

material for different grain sizes. 

The increasing hot band anneal tempcratnfC on the sag resistance is only reaJl)' seen 

when the sag resistance measured for the ,;ample~ annealed at the variou~ 

temperature~ is plolled again~t the grain size obtained after final lUlllealing (figure 

6.4), The average grain siTe of the material hot band annealed <It ll[)() "c to 1250 "c 

had a bimodal grains size ,tructure in the fiMI material. This could have po~itively 

influenced the sag resistance due to the signilieanlly larger grains present in such a 

structure. Nevertheless, if it is asslllned in the pre,;cnt discussion that the average 

grain size i~ a filletion orthe degree of sa~ing in the material. H h intere~ting to note 

thatlhe materials annealed from lOOOoC to 110~PC (final anneal at 1050°C) appeared 

to have the ~ame recrystallization und grain growth characteristics as the plant 

annealed material as the grain size obW.incd was similar to that predi<.'1ed by the 

model. The hot band materiab annealed at 900 °c and 950 "c exhibited a finer grain 

'00 

1 
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structure. This is prohably due to the sigoificant oumocr of precipitates that formed at 

these low annealing temperamres after two hours (figure 5.lb) and caused particle 

inhibited grain grOlvth. This effect probably did not occur in the plant material 

!lllIlealo:d at 950°C and subsequently tested in the laboratory as insufficient time was 

spent in the furnace for a significant amount of pmtidcs to fOrnI. It would also be 

expected to see some iocrease in the proof stress of the material at these two 

tcmjX'flltures due to the Hall Petch relationship. This, however, Wa'< !lOt ohscrved. In 

addition the samplcs hot bund !lllIlemed at temperatures 900 °c and 950°C showo:d the 

worst sag resistance (a~ would be expected from the cold band analysis) due to the 

fine grain size. The particularly interesting aspect of the material annealed at 

approximately l1000C and abo~e was that the grain size appe..'U"ed to decrease. The 

only plausible explanation for this is that more niohium has gone into solution due to 

these: higher temperatures and grain gro".,th has been retarded due to solute drag. The 

fact that there is more niohium in solution appears to be sub;1antiated by the increase 

in proof stress due to solid solution strenb,>thening. The highcr percent niobium in solid 

oolution caused an increase in the sag resistance of the material. This Clm be seen as a 

sag drop in sag from about 16I1lllJ (material annealed at 900 "c and 950 °C) to 

approximately )·5I1lllJ for material with the same Wdin si~.e. In addition the sag WdS 

similar for material annealed at 1100 °c and above and with an AST'VI grain size 

number of approximately 7.2 compared to material bot hand annealed hetween 10{){) 

°c and 11{){) °C 'With an ASTM grain size: of approximately 5.7 (figure 6.4). The 

calculated normalised sag values (for a gauge of L45mm) were determined 115lJlg 

equation 6.2 above and ploUed on figure 6.4, from the following can he se:en and 

corroborates the abovc statements; 

• The material hot band annealed at 950°C is signiticantly above the calculated 

,;ag value and thus does not follow the predicted values obtained for typical plant 

material. 

• The material hot band allllcaled at 1000 He to 1100 "c appears to fit the predicted 

values 

• The material hot band annealed at 1150 °c and above has a signiticantly lower 

sag value than is predicto:d for the material. 



Univ
ers

ity
of 

 C
ap

e T
ow

n

A signitkmlt increase in sag resistance could be obtained should the bat~h anneal 

route be ~hosen sold),' for creep (sag) resistance. It would then appear that the 

material woulu require a heat treatment at 1150 °c or above. TIle down side i" that a 

longer anneal at final processing would probably be reqUlred and also a slighlloss in 

elongation which wollld negatively impac;t on the fonnabilit)-· of the material. 

6.3.3 As- cast material 

The anI01mt of niobium precipitate" appeared to decrease in the as·east material as 

the reheat annealing temperoltllTe was increased. Theoretically, therefore. more 

niobium should be in solution after the higher annealing temperarnres. It appears as if 

this higher percent of niobium in "olution persisted throughout the simnlated thermo­

mechanical pro~e""~ing Oflhis material as the sag values appeared to show a relatively 

higher degree of sag resi"tance when compared to the calculated ~alues expected 

(Iigllre 6.5). II is interesting to note that the material with sag ~allies similar to the 

predicted val ues for this material was heat treated at a similar reheat temperature as is 

used in production, namely approximately 110IPC. The material annealed at 105<PC 

should theoretically have shown a similar or worse sag value to thaI annealed at 

11000e due to the fact that niobium appear" to have come out of solulion at thi" 

temperature (ligure 5.16). The grain size, however, of this material for a similar 

anneal i" liner or similar to the materials exhibiting the increase in sag resistance. It 

(xJl1ld be postulated from the results of the hot band anneals above that either a 

signifkanlly higher number of precipitate" were present or that a significantly higher 

percentage ofniobirun is in solution to account for this denease in grain size. Roth of 

these s~enarios could possibly be pre><€nt in the material at the I05({'C anneal. The 

probability exists that the 1050°(' has inslIffkient dri~ing force to cause the diffusion 

of atoms in solid solution to pre-existing precipitates and Ihatthe material may in fuel 

i<',nn a larger amount of smaller precipitates along with the pre-existing precipitates 

in the material after casting. The end result is a material with finer precipitates which 

are more unil<'lnnly distribll!edlhrougholll the matrix and which on final annealing 

may be more prone to dissolution. 

102 
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Although the anneal at 1050 "c appears to be a ideal option it may in foct be that the 

pbnl ~an not wll material lrum tho:so: low ""heat kmpo;:ratures dUO! to load limitations 

on the milL Tho: alternative is that tho: DUlkrial must be annealed at least at 1150 He or 

above to increase the amollJll of niohium in solution prior 10 tho: material being 

processed further. 
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,vould also appear as if this relatively higher niobium contcnt in solution persists 

throughout the thennal mechanical cycle and contributes to the lower sag valuc. 

1he model predicted by Statsgraphics for the nonnali:lcu sag values is: 

(Sag*Final Gaugc~13= 0.OOO519fgrainsizez - 0.0231lfgrainsizc - 0.0138* Final 

Gauge Strip Temp +<l.00688*FinaI Gauge Line Speed +7639.729/ Slab Discharge 

Temp+2.297938* Nbz 

The mean absolutc error for this model is 0.208322. Thc calculated MAE for the sag 

alone is 1.2mm for 1.5mm gauge material. The actual nonnalizcd sag valucs versus 

the calculated sag values are shown in figure A2.1. 

Attempts ",cn: madc at trying to remove one of these variables. pal1icularly thc grain 

size and niobium content by selection of a smaller range (grain size range 0.028mm-

0.060mm (from 0.014-0.079) and niobium range 0.437-0.538 (from 0.0405 - 0.81)) of 

these variables. No significant mode! could be established with this approach although 

the strongest correlations were still found to be with grain size, slab reheat 

temperature and the fmal annealing parameters 0 f the cold band matcrial. 
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Figure A2.1: Norm'lii.t.fti sa~ value VfTsm the calculated ~al: value. 
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Appendix 3 

Micrographs of wid b,mu material annealed at , -a.rious temperature~. 

3941 Seeonds (micron marker = l00jl) 
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Appendix 4 

Table of the grain size obtained in the experimental material. The time in seconds is 

the time that the sample was in the fwnace. This data was used to detennine the 

empirical relationship between the grain size and the time in the fwnace. 
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Appendix 5 

Microstrur/ures of cold band material annealed at 10S0"C (140 seconds) after a 

hot band anneal for two bours as indicated in the micrograph title. 
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Microsll"\lctu~ ur cold haoo IUlerial annc"I"" al TCMHIuC (264 ~K(lD<h) a rlt'r a 

lin( ba nd 111111\'111 rur tWD h()l1~ IIJ iadiutcd in Ih~ lI1icrogrnph rir~. 
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