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Chapter r 6 6 
Identificationn and 

quantificationn of sources of 
variationn in the analysis of 

steel l 

6.11 Introduction 

Too trace and quantify the sources of variation apparent in production, sampling 
andd analysis of steel, the strategy explained in Chapter 5 was applied to part 
off  the steel production process. Focus in this research was on the sampling 
andd analysis of steel. Some process factors have been included as well but the 
estimationn of process factors such as differences between batches of the same 
typee of steel was beyond the scope of the research. In a first effort to find 
thee contributing factors of the total variation in the analysis results, one type 
off  steel wras investigated.86 Research on other types of steel were part of the 
projectt as well but the comparison of the results of different types of steel is 
thee subject of the next chapter.*' 

Forr the quantification of sources of variation in the production, sampling 
andd analysis of steel in part, of the steel production process, a large scale 
experimentt was set-up. The implementation of the strategy wil l be explained 
consecutivelyy following the six steps introduced in Chapter 5. 
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6.22 Factor identification and selection 

^ H M JJ A S stated in the introduction, only part of the production process 
wass taken into account. The1 process phases stirring station, tundish and 
mouldd were investigated (see Chapter 2 for more details). As a first, step in 
thee strategy, factors have1 to be identified and selected. For this purpose the 
problemm has been divided into three categories: production process, sampling 
andd analysis. For each category, a number of sources of variation can be 
identified. . 

6.2.11 Product ion process 

Inn the production process, several sources of variation can be recognized. Dif-
ferencess between process phases, within process phases and between batches 
aree three sources. Differences between batches are not investigated further but 
wil ll  end up in the model because; samples are taken from different batches of 
steell  {source of variation: between batch, differences). It is interesting to inves-
tigatee whether differences exist between the three process phases stirring sta-
tion,, tundish and mould both in terms of average concentration and in terms 
off  variance. At present, samples are mainly taken from the stirring station 
forr process control and from the mould for quality control. Another process 
phasee from which possibly samples can be taken is the tundish. Because sam-
pless taken from the process have to be highly representative (only 1/25.000.000 
partt of the total batch is sampled and of this sample only 1/10.000.000 part 
iss used for analysis) for the batch, it is important to know what location and 
whatt point in time is optimal for taking samples. 

Withi nn one batch, several sources of variation exist. Concentrations of ele-
mentss change going from one process phase to the other as a cause of process 
stepss such as addition of ferro alloys to the steel bath, blowing of oxygen 
intoo the liquid steel bath or blowing of argon through the liquid steel bath. 
Changess due to process steps like this are more or less known to the process 
engineerss and are therefore not included in the experiment. Included in the ex-
periment,, however, are the spatial and temporal differences of concentrations 
inn the process phases {source of variation: heterogeneity in the process phase). 
Besidess the heterogeneity, other sources of variation such as process operator 
andd process circumstances should be mentioned. These sources of variation 
aree difficul t to control and therefore1 are not selected. 
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6 .2 .22 S a m p l i ng 

Fromm the process phases investigated in this research, double thick samples are 
taken.. It is interesting' to know whether samples taken at a certain location 
andd at points in time t and t + At (where At is in the range of' 10 to 20 seconds) 
aree similar to each other. Differences between these1 (duplicate) samples can 
bee caused by heteroyen city of the process phase on a small scale and/or by 
difficultiess occuring during sampling such as -inclusion of castinu powder. 

Repeatabilityy of sampling is indicative for the efficiency of sampling in the 
steell  bath. The; repeatability of sampling can be investigated by analysing 
sampless which have been taken from the same place and at. approximately the 
samee point in time from the steel bath. 

6.2.33 Analysis 

Doublee thick samples can be analysed on one of the available spectrometers. 
Availabilityy of a spectrometer is one of the criteria to decide which spectrome-
terr wil l be used for analysis although for some samples there exist a preference 
forr one specific spectrometer. 

Nott one spectrometer is equal to the other spectrometers albeit that SOUK» 

spectrometerss are more equal than others. Differences can exist because of 
brand,, type, wear and software (source of variation: different spectrometers 
usedused for analysis). Differences between spectrometers wil l not show up when a 
samplee is analysed on one spectrometer which is normally the case. If however, 
severall  samples have1 to be analysed for process control, a difference between 
thee analysis results can occur when the samples are analysed on different 
spectrometerss although the samples need not necessarily be different. Such 
ann ('vent can result in problems for process control when differences between 
spectrometerss results are larger than the control limits. The control limit s 
mightt be tightened in the future because of customer demands. Using diffe-
rentt spectrometers in this experiment can reveal whether differences between 
spectrometerss cause problems when the control limit s an1 tightened. 

Focussingg on one spectrometer, differences between analysis results obtained 
att different points in time can occur due to instrumental drift. As explained 
inn Chapter 4. an adjustment (two point calibration) takes place every eight 
hourss to make sun1 that deviations due to instrumental drift and cleaning of 
thee spark stand are kept to a minimum. A disadvantage of the adjustment pro-
ceduree is that for the correction factors to be calculated, measurements have to 
bee performed. These measurements are subject to variation and therefore the 
correctionn factors also are a source1 of variation {source of rariation: adjust-
ment).ment). As a result, concentrations obtained for one sample measured during 
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adjustt incut period I can differ from concent rat ions obtained for the same sam-
ple11 measured during adjustment period II . This is true, even if drift in the 
instrumentall  signal dots not occur. 

Analysiss performed on a double thick sample by means of spark emission 
spectrometryy involves two or more1 individual measurements which arc1 aver-
agedd depending upon their reproducibility (Chapter 1). Individual measure-
mentss differ from each other because of' heteroijeneiti) in the sample, differences 
inin circumstances (the spark is not a completely constant phenomenon) and in-
clusionsclusions in the sample. By averaging reproducible analysis results, the1 variance1 

causedd by individual measurements is reduced by a factor n when1 n is the 
amountt of individual measurements. However, racial ion din to heterogene-
ity,ity, variation due to inclusions and variation due to changes in circumstances 
dariv(jdariv(j spark measurements still contribute1 to the1 total variation in the1 final 
analysiss results. 

6.33 Model selection 

Off  the1 identified factors, only a selection of factors has been included 
intoo models. One of the1 factors that is available for the1 production process, 
samplingg and analysis is the1 operator. It would be1 difficult , if not impossible, 
too control this factor for the1 production process and sampling of the process 
becausee both are carried out in shifts and the1 tasks are1 performed by the 
operatorr at duty at that moment. For the1 analysis, this problem does not 
occurr and all experiments have been performed by one chemical analyst only 
too exclude the influence of different, chemical analysts. Al l further variations 
due11 to differences between process operators ends up in the1 residual variation 
whichh is a "repository" for all sources cjf variation not acccmnted for in the1 

modell  but apparent in the final analysis results. 

Includedd in the1 mode1! are1: the mean (M) . spectrometer (5). batch (B). ad-
justmentt (A), duplicate sampling (D). place of sampling (P). time1 of sampling 
(T)(T) and the residual variation (/?). 

Forr (vich investigated process phase, a different moded has benm selected. 
Fromm the stirring station (equation (i.1) samples have been taken only from 
one11 place and at one1 point in time. Therefore, the1 only process specific factor 
inn this mode1! is batch (H). Further discussions of the different factors is given 
afterr the presemtat ion of'the chosen modeds for the1 individual process phases. 

'Concentration}'Concentration} = M 4- B + 5 + B.D + S.A + i? (Stirring station] :o. i i 
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Tablee 6.1: Factors included in the experiment and the codes used in the models 
forr the process phases stirring station, mould and tundish. The columns 
stirringg station, tundish and mould show which factors an1 included in 
modelss for the individual process phases. 

Factor r 

Spect rometer r 

Adjustment t 

Batch h 

Dupl icatee sampl ing 

Placee of sani] 

T imee of samj 

Residual l 

>ling g 

>ling g 

Code e 

s s 
A A 
D D 
D D 
P P 
T T 

R R 

Stirring g 

stat ion n 

X X 

X X 

X X 

X X 

X X 

Ti i mdish h 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

M M ould d 

X X 

X X 

X X 

X X 

X X 

X X 

Nested d 

wit t 

--
S S 
--
B B 

--
--
--

l i n n 

Fixedd or 

random m 

Random m 

Random m 

Random m 

Random m 

Fixed d 
Fixed d 

Random m 

Equationn 6.2 is the model selected for the tundish. It contains both process 
specificc factors time of sampling (T) and place of sampling (P) which can a 
havee an effect on the concentration in the sample. 

[Concentration][Concentration] = M + B + S + B.D + S.A +P+ T + R (Tundish) (6.2) 

Thee third model (equation 6.3) contains only time of sampling (T) as an 
extraa process specific factor. 

[Ccmamtration][Ccmamtration] = M + B + S + B.D + S.A + T + R (Mould) (6.3) 

Detailss of the factors in the preceeding models arc? summarized in Table 6.1 
andd are explained further in sections 6.3.1 through 6.3.7. 

6.3.11 Spectrometer (5) 

Whenn a sample1 is analysed on different spectrometers, different analysis results 
arc11 likely to be obtained. The1 samples used for spark OES can be1 analysed 
moree than once with only littl e sample preparation needed in between the 
analyses.. The factor spectrometer is included as a random factor so that an 
estimationn can be made of the variation occurring when a sample1 is analysed on 
anyy of the available spectrometers. The postulation is that the1 spectrometers 
usedd for the experiment arc1 a random drawing from the total population of 
spectrometerss available. The1 choice of spectrometers was restricted to the 
instrumentss currently available at Hooyovens Stoa! S I ' b ut in the1 future1 other 
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spectrometerss wil l be used and tlie1 conclusion should extend to new spectro-
meterss as well. Hence, tin1 variation (estimated with the model) of an analysis 
wil ll  include the fact that a sample can be chosen to be analysed on one of the 
availablee spectrometers. 

6.3.22 Adjustment (.4) 

Thee factor adjustment (.4) represents the differences between measurements 
performedd in different, adjustment periods. Adjustment is included as a ran-
domm factor because the period within which the experiments are performed, are 
periodss randomly chosen from a large population of available periods. Further-
more,, adjustment is nested within spectrometers because there is no relation 
betweenn adjustments of instrument A and adjustments of instrument B. 

6.3.33 Batch (B) 

Thee batch variation is included to be able to include samples in the experiment 
thatt are taken from different batches of steel. The estimates of this random 
factorr wil l not. be; discussed further since the emphasis of the thesis lies in 
estimatingg the magnitudes of the sources of variation connected with batch 
heterogeneity,, sampling and analysis. 

6.3.44 Duplicate sampling (D) 

The11 factor duplicate sampling (D) is a random factor that is nested within the 
factorr batch. The nesting of this factor is caused by the differences between 
batches.. The reasoning is comparable to the reasoning followed for the factor 
adjustmentt {A). 

Byy taking samples at approximately the same time and place1 the repeata-
bilit yy of taking samples from a certain process phase can be estimated. The 
magnitudee of this source1 of variation indicates how much variation is induced 
because11 of using double*  thick sampler te) analyse the contents of the complete1 

steedd bath. 

6.3.55 Place of sampl ing (P) 

Inn the1 tunelish. two different places of sampling can be distinguishes!: just 
beloww the1 submerged emtry nejzzle1 and above an outlet. Differences between 
samplerr taken at these two plares can ejecur elite1 to heterogeneity in the batch, 
difficultiess in sampling (i.e. inclusion of casting powder in the sample) and a 
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concentrationn gradient due to a batch transition. For the two other process 
phases,, tin1 place of sampling is kept as constant as possible. 

Thee factor place of sampling (P) is included in the model as a fixed effect 
becausee it is of interest whether there4 exists a difference in concentration for 
sampless taken from the two different place's in the tundish. 

6.3.66 T im e of sampl ing (T) 

Thee second factor dealing with heterogeneity of the batch is the time of sam-
plingg (T). A batch of steel flows through the tundish and mould within a 
certainn amount, of time. Taking samples at different points in time, an im-
pressionn can be obtained of the gradient in concentration and the best time, 
off  sampling in terms of minimum variance1. The time e)f sampling is inclueled 
ass a fixenl effect to get an ieh'a about elifferemceŝ in concentratkm measured in 
sampless taken at different points in time1. 

6.3.77 Residual (/?) 

Al ll  variation not inclueled in (explained by) the. fae'tors discussed in the former 
sectionss wil l be inclueleul in the residual variation. Amemg e)thers. difference's 
betweenn process operators anel differences in operating eemelitions are twe) oï 
thesee source's of variation. An important third source of variation includes! in 
thee re'sielual variation is the1 heterogeneity of samples. 

6.44 Experimental design 

^m^^Ê^M^m^^Ê^M Fe>r the e'xpe'riment. two separate e'xperime'irtal designs we're useel. 
Thee first experimental ele'sign eleals with the)se factors which are associates! 
withh sampling of the ste'el making process anel the ste'el making process itself 
(bate-h.. eluplicate sampling, time of sampling, place of sampling). The secemd 
experimentall  design comprises those facten's which deal with the1 analysis of the 
sampless (aeljustment anel spectrenneter). Excluding the factors of the analysis 
procedure'' from the first e'xpe'rimental elesign gives an oppertunity to collee-t 
alll  samples befe>re starting the chemie-al analysis. Separation in two designs 
iss ne-e'de'd to randomize the samplers ove'r the1 levels of the factor adjustment. 
Withi nn e-ach aeljustment perieiel of eight hours, the instrumental drift is diffe-
rent.. Analysing the samples in the same1 enxle'r as the sampling oe;e-urs e-endel 
introeluce'' systematic errens between analysis results because' of this e-hanging 
drif tt behaviemr. 
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St t 

Stirrinee station 

Strand Strand 
Submerged Submerged 

EntryEntry Vozzle 

11 *».„« 
TT * ^ ^ T 

111 I 2 1 

T T 
11 2 

Tundish h 

TT I 

Casting g 
time e 

100 minutes 

300 minutes 

M M 

M M 
2 2 

Mould d 

F i g u ree 6 . 1: Experimental design for sampling the process phases stirring station, 
tundishh and mould. 

6.4.11 Exper imental design for  sampl ing 

Threee factors are included in the experimental design for sampling: place of 
sampling,, time of sampling and duplicate sampling. From eight batches of the 
samee type of steel, samples were taken according to the design in Figure 6.1. 

Placee of sampling (heterogeneity in place) is included for the samples taken 
fromm the tundish by taking samples just below the submerged entry nozzle 
andd above one of the outlets of the tundish. For both tundish and mould, the 
factorr time of sampling (heterogeneity in time) is included by taking samples 
att 10 and 30 minutes after starting to cast a certain batch of interest. For this 
experiment,, two samples were taken each time when a sample had to be taken 
accordingg to the experimental design. The duplicate samples were taken at 
approximatelyy the same place and time. 

6.4.22 Experimental design for analysis 

Forr this experiment, the magnitude of two sources of variation in the analy-
siss of steel are important to estimate: differences between spectrometers and 
adjustment.. To achieve this, the analyses of the samples have to be divided 
overr a number of spectrometers and a number of adjustment periods of these; 
spectrometers.. An experimental design containing four spectrometers and six 
adjustmentt periods per spectrometer has been chosen. Analysing the samples 
fromm eight batches according to a complete design would require 122 samples to 
bee analysed in duplicate in at least two adjustments of the four available spec-
trometers.. Clearly, such a design would require far too many analyses (1792). 
Therefore,, an incomplete design was constructed in which balance was pre-
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Tablee 6.2: Experimental design for analysis. Allocation of hatch numbers to spec-
trometerr and adjustment for samples taken from stirring station, tundish 
andd mould. Each number in the experimental design stands for a batch 
fromm which samples were taken. 

Stirring g 
station n 

Tundish h 

Mould d 

Sp p ecti'ometer r 
1 1 
2 2 
3 3 
4 4 
1 1 
2 2 
3 3 
4 4 
1 1 
2 2 
3 3 
4 4 

1 1 
1 1 
2 2 
1 1 
4 4 
1 1 
1 1 
8 8 
2 2 
1 1 
2 2 
1 1 
8 8 

A A 
2 2 
5 5 
5 5 
3 3 
3 3 
5 5 
2 2 

3 3 
4 4 
4 4 
2 2 
3 3 
3 3 

Ijustinent t 
3 3 
1 1 
2 2 
/ / 
2 2 
3 3 
4 4 
3 3 
5 5 
4 4 
6 6 
1 1 
4 4 

4 4 
5 5 
G G 
3 3 
4 4 
5 5 
6 6 
8 8 
4 4 
5 5 
5 5 
2 2 
3 3 

5 5 
4 4 
i i 

G G 
8 8 
1 1 
G G 
7 7 
2 2 

i i 

6 6 
7 7 
6 6 

6 6 
8 8 
G G 
7 7 
8 8 
6 6 

8 8 
i i 

5 5 
8 8 
8 8 

servedd by putt ing an equal number of observations in each cell [77. page 224] 
inn which a cell is a combination of a spectrometer and an adjustment period. 

Thee design, presented in Table 6.2 was constructed in such a way that each 
samplee was analysed twice on the same spectrometer but during different ad-
justmentt periods and once on another spectrometer. To show this more ex-
plicitly ,, the samples taken from the stirring station from batch 4 are shown in 
boldfacee in the experimental design. It is important to notice that adjustments 
off  different spectrometers are completely independent from each other. 

Exper imentall  des ign for  analysis: st irr in g s ta t ion 

Thee design used for the samples taken from the stirring station is shown in 
Tablee 6.2 by the batch numbers in the row "Stirring station". Per cell (inter-
sectionn between spectrometer and adjustment), two (duplicate) samples from 
aa certain batch occur. So. for the stirring station, in each cell, two (duplicate) 
sampless are analysed. Both samples have1 to be analysed in duplicate (repeated 
measurements).. For the stirring station, in total 4 analysis (2 measurements 
xx 2 duplicate samples) results are obtained from each cell shown in Table 6.2. 
Eachh sample; occurs thrice in the design in order to estimate the effects of 
spectrometerr and adjustment on the total variation. 
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Exper imen tall  design for  analysis: tund ish 

Forr a certain batch, all tundish samples ( T n. T^i- T\>- T22) are put in one 
celll  in Table 6.2. This allows for an optimal estimation of the effects time of 
samplingg and place of sampling in the tundish. Similar to the stirring station, 
thee samples from the tundish have to be analysed three times at different 
combinationss of spectrometer and adjustment period. The batch numbers in 
thee row 'Tundish" in Table 6.2 show the experimental design for samples from 
thee tundish. For this process phase1, in total 16 analysis results are obtained 
fromm each cell in the experimental design for analysis (2 measurements x 4 
sampless x 2 duplicate samples). 

Exper imen tall  design for  analysis: mould 

Fromm the mould, two different samples (Mj . M2) are available in duplicate. 
Thiss results in a total of four samples from the mould taken from one batch. 
Analysiss of the four samples in one cell of the experimental design for analysis 
allowss for an optimal estimation of the effect of heterogeneity and time effects. 
Like11 the samples taken from the stirring station and the tundish. each sample 
iss included in the design three times at different combinations of spectrometer 
andd adjustment periods. The experimental design for analysis of samples taken 
fromm the mould is shown in Table 6.2 by the batch numbers in the row . 
Forr the mould, in total 8 analysis results are obtained from each cell shown in 
Tablee 6.2 (2 measurements x 2 samples x 2 duplicate1 samples). 

6.55 Performing the experiments 

6 .5 .11 S a m p l i ng 

Fromm the three process phases, double thick samples were1 obtained accord-
ingg to the experimental design presented in Figure1 6.1. For sampling, double 
thickk samplers wen1 used (Heraeus Electro-Nite. Belgium). Before analysis, 
thee samples were judged visually on fitness for analysis. A complete set of 
sampless (14 samples originating from 1 batch) was rejected if one (or more) of 
the?? samples showed irregularities. It should be noted that many of the rejected 
sampless would have1 been use l̂ for process control under normal operating con-
ditions.. HeweweT. analysis results from samples with questionable quality can 
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analysiss # 1 
grindd # 1 grind # 2̂  
-0.66 mm -0.1 mm 

analysiss # 2 analysis # 3 
grindd # 3 
-0.11 mm 

Figuree 6.2: The double I hick samples wore analysed three times in a row with three 
grindingg steps in between. 

havee a large influence on the estimations and therefore only samples without 
irregularitiess were used for the experiments. 

Duee to this restriction, sampling of more than 8 batches of steel was needed 
too obtain the required amount of 8 series of samples originating from 8 batches. 
Becausee of the selection procedure, the estimates for the factor sampling wil l 
bee applicable to the ideal situation in which all sample obtained from the 
processs are (visually) fit for analysis, and therefore are an underestimation of 
thee sampling errors in normal operating conditions. 

6.5 .22 A n a l y s i s 

Beforee analysis, the samples were ground on a Herzog HB250Ü T belt grinder 
withh NORTON 60-grit, Zirconium treated. Each sample was ground three 
timess (Figure 6.2). The first grinding procedure removed approximately 0.6 
minn from the sample surface while the consecutive two grinding procedures 
onlyy removed approximately 0.1 mm from the sample surface to remove the 
spotss created by sparking the samples. 

Thee analyses were1 performed according to the experimental design shown 
inn Table 6.2. Details of the four spark optical emission spectrometers are 
summarizedd in Table 6..'3. The samples are handled by a robot arm for three 
spectrometers. . 

Perr element, in total 672 analysis results (concentrations) were obtained from 
thee experiments (112 samples x 3 analyses per sample x 2 measurements per 
analysis). . 

Withinn an adjustment period of eight hours, the analyses were performed 
approximatelyy 2 hours after cleaning and adjusting the spectrometers. It wil l 
bee shown in Chapter 8 that intensities obtained within the first hour after 
cleaningg the spark stand are less stable than intensities obtained later on. 
Therefore,, within an adjustment period of eight hours the analysis scheme 
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Tab lee 6 .3: Instrumental details of the four spectrometers used in the experiment. 

Spectrometerr Brand Manual/Automaticc analysis 
OES1 1 
OES3 3 
OES8 8 
OES9 9 

ARLL S.A. OE 3460 
OBLFF QSN 750R 
ARLL S.A. OE 3460 
ARLL S.A. OE 3460 

Automatic c 
Automatic c 
Automatic c 
Manual l 

presentedd in Figure 6.3 was used. Normally, the adjustment at approximately 
22 hours after cleaning' the spark stand is not performed. However, in this case 
itt was needed because sometimes experiments were started two hours after 
cleaningg the spark stand and in other cases it could be three hours. The extra 
adjustmentt was needed to make sure that the initial stage was the same within 
eachh adjustment period. 

6.66 Estimation of the effects 

^ ^ • JJ The data obtained from the chemical analyses were first evaluated 
too remove possible outliers. Statistical analysis of the data was performed 
withh SAS® V6.12 for Windows®. The variance components (random effects) 
inn the models shown in equations 6.1 through 6.3 and the standard errors 
off the variance components were estimated by means of restricted maximum 
likelihoodd (REML, Chapter 5). In some cases, a negative variance can be 
obtained.. Because negative variances have no meaning, these variances are set 

Adjustmentt Analysis of production samples 
andd *• according to 

verificationn experimental design 
-*•• Verification 

\ ~ ~ 

Cleaningg of 
sparkk stand 

Adjustment t 
and d 

verification n 

\ ~ ~ \ --

Timee (hours) 

Figur ee 6.3: Schematic presentation of one adjustment period of eight hours during 
whichh analyses were performed. 



6.77 Interpretation and discussion 81 1 

Too 0 and the errors of These estimates are not calculated (represented as •-"). 

Thee magnitude of the fixed effects (mean squares) and their significancy were 
estimatedd by means of least squares (LS. Chapter 5). 

6.77 Interpretation and discussion 

^ • I ^ M JJ From the large1 amount of results obtained with REML and LS esti
mations,, typical results are presented in this section. For elements with similar 
variations,, the results of only one representative element is shown in detail. 
Besidess the estimates of the random effects, also the standard errors of the 
estimate'ss are reported. The standard errors of the estimates have rather high 
valuess due to the fact that these are based on asymptotic theory. The asymp
toticc theory describes how an estimator will behave1 in case1 an infinite1 large 
randomm te'st is performed. Consequently, for limiteul sample size, asymptotic 
theoryy gives approximate variance^.80 The1 standard errors of the1 estimates 
providee onlv a rough guide to the1 estimates' precision with such a small sam
ple.88 8 

6.7.11 Carbon 

Forr carbon, differences between results obtained from different spectrometers 
contribute11 mejst to the total variation apparent in the1 final analysis results 
(Figure11 0.4 and Table1 (i.4). Both adjustment and sampling have1 less influence1 

onn the1 tejtal variation. The1 residual variance1, which contains all variatkm not 
explainer!! by the1 other source's of variatiem in the model, turns out to have1 

higherr values for both sample's taken from The1 tundish (214 -1()~*) anel the1 

mouldd (291T0 -*) in comparison te> the residual variation estimateel for the1 

stirringg station (55.8-HP8). Heterogeneity of sampler taken from the1 process 
phasess tundish and mould could cause this problem. Sampling at the1 stirring 
stationn is automaten! partly anel sampling is more easy at this process phase. 
Thee high environmental temperatures anel the1 flow of the1 sten1! cemlel cause 
problemss in filling of the1 sample1 chamber, resulting in heterogeneous sampler 
takenn for the1 tunelish and moulel. Although the- temperatures are1 even higher 
att the1 stirring station, sampling at the1 stirring station is easier because1 of the1 

halff automaten! sampling procedure1. 

The11 standard errors (S.E.) e>f the1 estimates! variance components have1 been 
summarizedd in Table 0.4 along with the1 magnitude of the1 variance1 components 
(rr2).. The1 standarel errors presented in Table1 0.4 indie-ate1 the level of confidence 
off the1 estimate's of the1 variance components presenten! in Figure1 0.4. 
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Figuree 6.4: Contribution of four sources of variation to the total variation apparent 
inn analysis results obtained for carbon (C). The estimates are presented 
ass standard deviations. 

Tablee 6.4: Estimates of the concentrations, variances (tr-) and standard errors of the 
estimatedd variance components for carbon (C). 

Processs phase 
Stirringg station 
Tundish h 
Mould d 

Concentration n 
0.0433 3 
0.0427 7 
0.0438 8 

CTCT22 ( - 10 

Spectrometer r 
291:261 1 
202:185 5 
469:411 1 

_ s)) ; Standard Error (-10" 
Adjustment t 
73.7;34.4 4 
82.3:37.6 6 
76.5:44.7 7 

Sampling g 

8.7:9.1 1 
14.7:11.9 9 
33.4:29.0 0 

*) ) 
Residual l 
55.8:9.8 8 
214:16.2 2 
292:32.7 7 

Thee fixed effects (place and time of sampling) appear to be of minor impor-
tancee for carbon compared to the residual variation (Table 6.5). So. for carbon 
noo significant difference? in concentrations could be found in samples taken at 
differentt places or at different points in time from tundish and mould. 

6.7.22 Manganese 

Forr manganese, just as for carbon, the contribution of the differences between 
spectrometerss to the total variation is relatively large. This holds for samples 
takenn from the stirring station and the mould. For samples taken from the 
tundish.. the contribution of the residual variation on the total variation plays 
ann important role as well (Figure 6.5). 

Thee magnitude of the variance components and the standard errors of the 
estimatedd variance components are presented in Table 6.6. No standard error 
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Tablee 6.5: Fixed effect estimates for carbon (C). Least squares estimates together 
withh F-values and p-values. 

Process s 

Tundish h 

Mould d 

phase e Source e 
Time e 
Place e 
Residual l 
Time e 
Residual l 

d.f. . 
1 1 
1 1 

350 0 
1 1 

159 9 

sss (•ïcr1 

0.12 2 
22.4 4 

75018 8 
81.4 4 

46418 8 

(' ' 
) ) 

drbon n 

MSS (TO"8) 
0.12 2 
22.4 4 
214 4 

81.4 4 
292 2 

F-value e 
0.00 0 
0.10 0 

0.28 8 

p-value e 
0.98 8 
0.75 5 

0.60 0 

IStirrinaa Station E3 Tundish • Mould 

0.0035 5 

0.0030 0 

|| 0.0025 

|| 0.0020 

11 0.0015 

33 0.0010 

0.0005 5 

0.0000 0 

Spectrometerr Adjustment Sampling Res 

Sourcee of Variation 

dual l 

Figuree 6.5: Contribution of four sources of variation to the total variation apparent 
inn analysis results obtained for manganese (Mn). The estimates are 
presentedd as standard deviations. 

iss given for the variance component sampling in the stirring station because 
thee corresponding variance component was negative and therefore set to 0. 

Fromm the results in Table 6.7 it can be seen that both place and time of 
samplingg have a significant influence at least in the range of the 95% confidence 
interval.. The residual MS is also high for samples taken from the tundish and 
mould.. This result is probably caused by heterogeneity of manganese in the 
steell bath. Further investigation on steel with other product specifications is 
neededd to test whether a gradient of manganese concentration exists. 
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Tablee 6.6: Estimates of the concentrations, variance's (a2) and standard errors of the 
estimatedd variance components for manganese (Mn). 

Processs phase 

Stirr ingg stat ion 

Tundish h 

Mould d 

Concentra a 

0.221 1 

0.221 1 

0.221 1 

tion n 
< T -- ( •If) ) 

Spectrometer r 

920:806 6 

771:657 7 

913:770 0 

"*)) : S tand ar r 

Adjustment t 

175:77.3 3 

89.5:47.9 9 

85.1:44.5 5 

11 Error ( d 0 

Sampling g 

():--
20.2:21.0 0 

12.0:15.8 8 

M M 
Residual l 

92.6:15.4 4 

520:39.3 3 

231:25.9 9 

Tablee 6.7: Fixed effect estimates for manganese (Mn). Least squares estimates to
getherr with F-values and p-values. 

Tundish h 

Mould d 

Source e 

Time e 

Place e 

Residual l 

T ime e 

Residual l 

d.f'. . 

1 1 

1 1 

350 0 

1 1 

159 9 

Man n 

SSS (•10-*) 

2013 3 

4601 1 

182009 9 

1452 2 

36721 1 

ganese e 

MSS (-10"*) 

2013 3 

4601 1 

520 0 

1452 2 

231 1 

F-value e 

3.87 7 

8.85 5 

6.29 9 

p-value e 

0.050 0 

0.003 3 

0.013 3 

6.7.33 Phosphorus 

Thee influence of differences between spectrometers is less dominant for phos
phorus.. The variance1 component adjustment has an important contribution to 
thee total variation for samples taken from the stirring station and the mould. 
Ass can be seem from the results presenteel in Figure 6.6. this is not the case 
forr samples taken from the tundish. 

The11 higher contribution of the spectrometer elifferene-es for samples taken 
fromm the1 tunelish e-.an not be1 explained at the moment and further research is 
IKHKICHLL It. shoulel be noted that also the residual variation has higher values for 
samplerss taken from the tundish in comparison to samples taken from stirring 
stationn anel mould. Disturbances during sampling in the tundish may be the 
causee of this increased residual variation. The1 s tandard errors of the variance 
componentss are summarizeel in Table1 6.8. 

Bothh time anel place of sampling appear to have1 a significant influence 
(])<< (J.05) on the e:e)iicentration for samples taken from the1 tunelish (Table1 6.9). 
Thiss means that a cemevntratiem gradient might exist in the tunelish in both 
time11 anel place. Besides differences between samples take1!] from different places 
anell at different pennts in time1, also differences within a sample are rather high 
judgingg the considerable resielual variation for the1 tundish (Table1 6.8). Dif-
feTcmccss between samples can be1 considered as heterogeneities on a macro 
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Figuree 6.6: Contribution of four sources of variation to the total variation apparent 
inn analysis results obtained for phosphorus (P). The variation is pre-
sentedd in terms of standard deviation. 

Tablee 6.8: Estimates of the concentrations, variances (a2) and standard errors of the 
estimatedd variance components for phosphorus (P). 

Processs phase 
Stirringg station 
Tundish h 
Mould d 

Concentration n 
0.0068 8 
0.0070 0 
0.0074 4 

aa22 (-10 
Spectrometer r 
13.4;13.7 7 
31.5:27.3 3 
8.5:9.7 7 

" 8)) ; Standard Error (-10" 
Adjustment t 
11.1:5.4 4 
4.1:2.7 7 
9.4:4.2 2 

Sampling g 
3.5:2.7 7 
3.0:2.4 4 

0;--

8) ) 
Residual l 
10.8:1.9 9 
44.4:3.4 4 
11.4:1.2 2 

scalee and these heterogeneities are probably caused by concentration gradi-
entss within the process phase. High residual variations on the other hand are 
probablyy catised by a combination of heterogeneities on a micro scale within 
thee process phase and diffusion of molecules within the sample before solidifi-
cationn is complete. Research on steel with another composition should reveal 
whetherr this conclusion is also true for other concentrations. 

6.7 .44 S u l p h ur 

Thee estimates for the variance components for sulphur have been summarized 
inn Figure 6.7. For sulphur, the adjustment is an important source of variation 
justt like for phosphorus. In the case of sulphur however, the contribution of the 
variancee component adjustment is of less importance in samples taken from 
thee mould whereas for phosphorus, the contribution was of less importance for 
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Tablee 6.9: Fixed effect estimates for phosphorus (P). Least squares estimates to-
getherr with F-values and p-values. 

Phosphorus s 

Tundish h 

Mould d 

Source e 
Timp p 
Place e 
Residual l 
Timp p 
Residual l 

d.f. . 
1 1 
1 1 

350 0 
1 1 

159 9 

SSS (-lO-8) 
359 9 
233 3 

15527 7 
24.1 1 
1876 6 

MSS (-10-8) 
359 9 
233 3 
44.4 4 
24.1 1 
11.8 8 

F-value e 
8.09 9 
5.26 6 

2.04 4 

p-value e 
0.005 5 
0.022 2 

0.16 6 

Spectrometerr Adjustment Sampling Residual 

Sourcee of' Variation 

Figuree 6.7: Contribution of four sources of variation to the total variation apparent 
inn analysis results obtained for sulphur (S). The variation is presented 
inn terms of standard deviation. 

sampless taken from the tundish (Figure 6.7). 
Thiss observation could purely be due to the estimation variance (the stan-

dardd errors of the estimations are presented in Table 6.10) but the results 
fromm both phosphorus and sulphur show a trend in which adjustment plays an 
importantt role in the build-up of the total variation. 

AA possible cause for this behaviour is instrumental drift. Preliminary results 
fromm another experiment show that the drift within the spectrometers appears 
too be element specific (see Chapter 8). When drift appears to have a large 
influence,, methods like Kalman filter89 94 and adaptive filtering95 can be used 
too reduce the influence of drift on the variation in the analysis results. 
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Tablee 6.10: Estimates of the concentrations, variances (a2) and standard errors of 
thee estimated variance1 components for sulphur (S). 

aa22 (-10 ") : S tandard Error (-10"") 

Processs phase Concentrat ion Spect rometer Adjustment Sampling Residual 

Stirr ingg stat ion 0.0124 15.7:20.2 28.9:13.6 2.2:2.1 12.1:2.1 

Tundishh 0.0124 13.0:15.1 20.8:9.1 1.2:1.4 39.9:3.0 

-Mouldd 0.0129 32.6:30.3 11.1:5.6 1.2:1.4 20.6:2.3 

Tablee 6.11: Fixed effect estimates for sulphur (S). Least squares estimates together 
withh F-values and p-values. 

Tundish h 

Mould d 

Source e 

Time e 

Place e 

Residual l 

Time e 

Residual l 

d.f. . 

1 1 

1 1 

350 0 

1 1 

159 9 

sss Mo-
443 3 

51.5 5 

13955 5 

42.2 2 

3273 3 

S S 
s) ) 

i lphur r 

MSS (•1()-H) 

443 3 

51.5 5 

39.9 9 

42.2 2 

20.6 6 

F-value e 

11.12 2 

1.29 9 

2.05 5 

p-value e 

<< 0.001 

0.26 6 

0.15 5 

Fromm the results obtained for the fixed effects time of sampling and place1 of 
samplingg (Table 6.11) it can be concluded that only the. time of sampling in 
thee tundish is of importance for sulphur. 

6.7.55 Chromium 

Thee estimates for the variance components for chromium have been summa
rizedd in Figure 6.8. It is clear that the differences between spectrometers have1 

aa large influence on the build-up of the total variation in the analysis results. 
Inn contrast to most other elements, the residual variation is of minor impor
tancee and the variation due to adjustment, almost equals the residual variation. 
Soo it. seems that mainly the differences between the spectrometers influence1 

the11 variation found in the analysis results of chromium. This result indicates 
thatt chromium is divided lumiogeneous thnmghout the1 sample. 

The11 concentrations found in the samples and the standard eurors of the esti
matedd variances are presented in Table1 6.12. The1 difference in concentration 
betweenn tundish and mould (0.018%) and stirring station (0.017'X.) is notice
able** but this appears to be1 not significant. MejirewT it should be1 nejtierd that 
the11 conoemtratioii of chromium is moihtoml but not stern-el for the1 type of 
steedd unele-r investigation. 
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Figur ee 6.8: Contribution of four sources of variation to the total variation appar
entt in analysis results obtained for chromium (Cr). The variation is 
presentedd in terms of standard deviation. 

Tablee 6.12: Estimates of the concentrations, variances (a2) and standard errors of 
thee estimated variance components for chromium (Cr). 

Processs p 
Sii irring s 
Tundish h 
Mould d 

hase e 
ation n 

Concentration n 

0.0168 8 
0.0181 1 
0.0180 0 

^  ̂ ( 
Spectromett t 
37.3:33.2 2 
62.4:53.2 2 
53.1:44.8 8 

Id d 

r r 
)) : Standar 

Adjustment t 
9.1:4.2 2 

11.3:4.9 9 
2.5:1.9 9 

11 Error (-10" 
Sampling g 
2.9:2.0 0 

0;--
0.15:0.9 9 

8) ) 
Residual l 
6.4:1.1 1 

18.7:1.4 4 
19.5:2.1 1 

Tablee 6.13 shows the estimates for the fixed effects. A significant difference in 
timee of sampling is found for samples taken front the mould while for samples 
takenn from the tundish. only place of sampling has a significant influence on the 
concentration.. Especially the difference for samples taken at different points 
inn time from the mould is large (4.8%). It is interesting to know which place 
andd time of sampling are optimal for process control. This will be further 
discussedd in Section 6.7.7. 

6.7 .66 T i n 

Thee results for tin show some anomalies (See Figure 6.9 and Table 6.14 for the 
estimatess of the variance components and Table 6.14 for the standard errors). 

Thee concentrations of tin are low but the results obtained for this element are 

Spectrometerr Adjustment Sampling 

Sourcee of Variation 

Residual l 
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Tab lee 6 .13: Fixed effect estimates for chromium (Cr). Least squares estimates to-
getherr with F-values and p-values. 

Chromium m 

Tundish h 

Source e d.f.. SS (-10-8) MS (-10"a) F-value p-value 
Time e 
Place e 
Residual l 

1 1 
1 1 

350 0 

16.0 0 
1495 5 
GG66 6 

16.0 0 
1495 5 
19.1 1 

0.S1 1 
78.49 9 

0.36 6 
<< 0.001 

Mould d 
Timee 1 
Residuall  159 

867 7 
3097 7 

867 7 
19.5 5 

44.51 1 << 0.001 

stil ll  of in terest. Th is is t he only e lement for which samp l ing has an impo r tant 

inf luencee on the to tal var ia t ion. Th is is especial ly the case for samples taken 

fromm the tund ish. T he reason why the sampl ing var iance is t h at large for t i n 

couldd he a difference in samp l ing me thod. For each process phase the same 

t ypee of samp le (double th ick, see Sect ion 4.2 on page 44) was used but cer ta in 

differencess be tween samp l i ng p robes existed. 

T hee sampl ing chamber is closed w i t h a small me tal cap. Th is cap has to melt 

beforee steel can flow in to t he samp le chamber. The1 cap is used in order to 

preventt slag a nd o ther ma te r i al floating on the l iquid steel b a th from enter ing 

thee sample chamber. T he m e t al cap conta ins a small a m o u nt of t in. T he t in 

appa rentt in t he me tal cap causes an increased var iance for samp les taken from 

II  Stirring Station E3Tundish CTJ Mould 
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1 1 
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n. . 
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F i g u ree 6.9: Contribution of four sources of variation to the total variation apparent 
inn analysis results obtained for tin (Sn). The variation is presented in 
termss of standard deviation. 
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Tablee 6.14: Estimates of the concentrations, variances {a2) and standard errors of 
thee estimated variance1 components for tin (Sn). 

Processs phase 

Stirr ingg stat ion 

Tundish h 

Mould d 

Concentrat ion n 

0.0016 6 

0.0029 9 

0.0018 8 

-U -U 
Spectromete e 

0.013:0.98 8 

().6G:1.2 2 

0.11:0.3 3 

10 0 

i ' ' 

")")  : St andar 

Adjustment t 

2.1:1.1 1 

():--
0.10:0.28 8 

ii  Error (-10" 

Sampl ing g 

0.23:0.32 2 

10.1:6.3 3 

4.4:2.4 4 

'") ) 
Residual l 

2.4:0.42 2 

58.6:4.3 3 

4.6:0.52 2 

thee tundish. Further research should reveal the source1 of the extra variation. 
Also,, it should be investigated whether this behavior exist, for steed with other 
productt specifications as wedl. 

Tho.Tho. concentration of tin is impe)rtant to the process engineer. The1 concen-
trationn of' this ('lenient is monitored but the differences found in this research 
are11 of' no concern for the type of steel investigated here. The other sources of 
variationn are1 not discussed here because; the concentration of' tin found in the 
sample11 is low. 

6.7.77 Sampl ing locat ion and t im e 

Fromm the tundish and mould, samples have been taken at different points in 
timee (10 and 30 minutes). From the tundish also samples have been taken 
att two different, locations (above one of the outlets and below the submerged 
entryy nozzle; (SEN)). In the1 previous sections the effects P (place) and T (time) 
have11 been included in the models. However, it is also possible to exclude the 
facteurss time and place from the models of tundish and mould (equations 6.2 
andd 6.3 respectively). Thus, for each place and time, a model like the one 
usee!!  for the stirring station (expiation (j.1) can be usenl in orden' to estimate 
thee residual variation for each type of sample individually. The1 results of these 
estimationss are1 reported in Tables 6.15 and 6.16. 

The11 results in Table1 6.15 clearly show that the residual variation is the 
highestt in samples taken from below the SEN at 30 minutes after starting to 
castt a new ladle1 of steed into the1 tundish (T-^)- The lowest variation is found 
inn most cases in samples taken from the tundish above the outlet (Tn and 
T42).. The1 increases! variation at the SEN can possibly be explainer! by e^xtra 
turbulence11 at the1 outlet of the steel ladle1 thremgh whiedi casting powder is 
mix(>dd with the steed. 

Samplerss taken at 10 minutes anel at 30 minutes from the mould appear to 
be11 similar to each other (Table 6.16). Some1 differences in residual variation 
are11 founel for the1 (dements carbon, silicon, and aluminium when1 the1 sample1 
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Tabl ee 6.15: Est imates for the residual variation and concentration corresponding to 

sampless taken from the tundish ( T n. Toi- T\2- T22). 

Element t Residuall  variation. ai •10" " (concentrationn {%)) 

c c 
Mn n 

P P 

S S 

Si i 

Al l 

Cu u 
Sn n 

Gr r 

Ni i 

Mo o 

outlet t 

131 1 

236 6 

10 0 

14 4 

65 5 

360 0 

8 8 

5 5 

27 7 

14 4 

5 5 

T i , , 
r100 min) 

,0.043) ) 

,0.221) ) 

(0.007) ) 

0.013) ) 

,0.005) ) 
r0.049) ) 
r0.011) ) 

0.003) ) 

,0.018) ) 
r0.023) ) 
r0.002) ) 

T i , , 

outlct(300 min) 

131 1 

306 6 

29 9 

18 8 

110 0 

328 8 

8 8 

6 6 

15 5 

44 4 

6 6 

(0.043) ) 

(0.221) ) 

(0.007) ) 

(0.013) ) 

(0.005) ) 

(0.049) ) 

(0.011) ) 

(0.003) ) 

(0.018) ) 

(0.023) ) 

(0.002) ) 

SEX X 

113 3 

273 3 

12 2 

23 3 

67 7 

293 3 

6 6 

8 8 

11 1 

15 5 

5 5 

T21 1 

,100 min) 

0.043) ) 

0.221) ) 

0.007) ) 

0.012) ) 

0.005) ) 

0.048) ) 

0.011) ) 

0.003) ) 

0.018) ) 

0.023) ) 

0.002) ) 

SEN N 

214 4 

851 1 

27 7 

35 5 

232 2 

345 5 

13 3 

5 5 

7 7 

48 8 

8 8 

T 2 2 2 

300 min) 

(0.043) ) 

(0.224) ) 

(0.008) ) 

(0.013) ) 

0.005) ) 

(0.049) ) 

(0.011) ) 

(0.003) ) 

(0.018) ) 

(0.022) ) 

(0.002) ) 

Tabl ee 6.16: Estimates for the residual variation and concentration corresponding to 

sampless taken from the mould (Mi . M>). 

Element t 

c c 
Mn n 

P P 

S S 

Si i 

Al l 

Cu u 

Sn n 

Cr r 

M M 

Mo o 

Residuall variatioi 

If f 

297 7 

92 2 

5 5 

11 1 

92 2 

511 1 

5 5 

1 1 

12 2 

4 4 

3 3 

L.. a 2 ( - 10 " 8 ) 

( concen t r a t i on^ . ) ) ) 

Mi i 
min n 

(0.044) ) 

(0.221) ) 

(0.007) ) 

(0.013) ) 

(0.006) ) 

(0.048) ) 

(0.011) ) 

(0.002) ) 

(0.018) ) 

(0.023) ) 

(0.002) ) 

M 2 2 

300 min 

1222 (0.044) 

922 (0.221) 

88 (0.007) 

166 (0.013) 

333 (0.005) 

1844 (0.048) 

100 (0.011) 

11 (0.002) 

166 (0.018) 

111 (0.023) 

44 (0.002) 
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takenn at 30 minutes is in favour because of a lower variance1. Reduction of 
thee heterogeneity over time may results in this variation reduction. For the 
sampless taken from the mould at 10 and 30 minutes then; exists no significant 
differencee in concentration. 

6.88 Conclusions 

I tt should be noted that for this experiment only those samples have been 
selectedd which contained no irregularities on the surface. Therefore;, the es-
t imatedd sampling variations are only valid when samples are supplied to the 
laboratoryy of process control which have no irregularities on the surface of the 
sample1. . 

Furthermore1,, the1 experiment de;sc.ribe;d heu'e1 concerns ste;e;l fremi only erne1 spe1-
e:ifie:: constitution. Further research is needled in order to investigate whether 
thee results obtained in this experiment are general or whether the estimated 
conclusionss depend upon the type1 of steel under investigation. 

Fromm the results presented in the previous sections, the folkwing conclusions 
cann be drawn: 

•• Differences between spectrometers turned out to be an important source 
off variation for part of the total range of elements analysed in the ex
periment.. The differences be;twe;em results of chemical analyses obtained 
fromm different spectrometers are caused by differences in both hardware 
andd software useel in the spectrometers. In order to reduce the variation 
due11 to measurements, a standardisation procedure; shoulel be1 deiveik)peid 
suchh that both deviations within spectrometers and deviations between 
spectrometerss are correct eel for. 

•• For phosphorus and sulphur, the drift apparent within a pe;rioel of eight 
hourss is an important source of variation (adjustment in the1 experi
ments).. Methods like Kalman filters anel adaptive; e:alibratie>n can pejs-
siblyy be useel to reduce the1 influene:e of drift, em the variation in the 
analysiss results. 

•• Plae^1 anel time1 e>f sampling appe;ar te> have significant infhiene:e; em the 
variationn for ce;rtain elements. The1 differences in e:e)iie;eintratie)ns are1 

probablyy e-ause'el by cemcentratiem graelients in both time1 anel plae-e. 
Whenn this cemclusion holds for batches e>f ste;el with othe;r product spec
ificationss as well, it is impe>rtant to finel the me>st representative place1 

andd time of sampling fen' e'ae:h proe-ess phase. 
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•• Only for tin. a significant contribution to the variation due to sampling 
couldd be detected. This is only true for samples taken from the tundish. 
Thee variation is probably due to part of the sample probe which contains 
tin.. The fact that this variation is apparent only in samples taken from 
thee tundish is not fully understood yet and needs further research. 
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