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Rezumat. Pentru realizarea modelelor matematjcea
softurilor destinate simatii solidificarii pieselor turnate
este necesarisse cunoascvarigia fragiei de solid la
solidificare. Tn cazul aliajelor care formeéazla
solidificare soltie solidi, aceast dependefa este redat
cu precizie mare printr-o furie de gradul 2. Funia de
grad 2 se determinpe baza diagramei de echilibru. In
cazul cand se urireste olfinerea de modele matematice
simple, variga fraaiei de solid la solidificare, este
aproxima# printr-o fungie de grad 1. In acest caz
varigia fragiei de solid la solidificare se deterraifin
functie de temperatura lichidug solidus a aliajului. In
lucrare este exemplificat modul de determinare estac
dependete in cazul eelului cu 0,1 %C.

Cuvinte cheie:simularea solidifigrii, model matematic,
otel

1. Obiectivul lucrarii

La modelarea matemalic si simularea
solidificarii pieselor turnate din aliaje metalice
necesii si se cunoagcdependeta fragiei de solid
a aliajelor in funge de temperatér [6]. Aceasta
dependenta este difaéripentru fiecare compare

de aliaj. La realizarea softurilor pentru simulareaWhen

solidificarii pieselor turnate dintel este necesaé s
se cunoascaceste relé pentru fiecare tip detel
turnat in piese.

In lucrari anterioare [1, 2, 3] a fost analizat
determinarea variei fragiei de solid la
solidificare, la mod general. S-a analizat moduhcu
variagia fragiei de solid la solidificare este
influentatd de tipul aliajului (eutectic, hipoeutectic,
cu transformare peritec De asemenea, intr-o

Abstract. To achieve mathematical models and software
for solidification simulation casted pieces it escessary to
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quadratic function. The quadratic function is detieed
on the on the equilibrium diagram. If you pursueltain
simple mathematical models, the fraction of theidsol
variation at solidification is approximated by anear
function. In this case, the fraction of the solatiation at
solidification is determined according to the lidus and
solidus temperature of the alloy. This paper ittasts how
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1. Paper objective

For the mathematical shaping and the
solidification simulation pieces casted of metal
alloys, it is necessary to know the alloys’ frantiof
the solid dependency on temperature [6]. This
dependence is different for each alloy composition.
performing the softwares for the
solidification simulation pieces casted of steebit
necessary to know that relationships for each, the
steel type casted in pieces.

In previous papers [1, 2, 3] was analyzed how
to generally determine the fraction of the solid
variation at solidification. We analyzed how the
fraction of the solid variation at solidificatiors i
influenced by the type of alloy (eutectic,
hipoeutectic, with peritectic transformation). In a

lucrare anteriodrs-a determinat aceédslependetd  previous paper we also determined this dependence
in cazul unui el turnat nealiat, cu 0,533 %C [6]. in case of an unalloyed casted steel with 0.533 %C
Lucrarea de fid are ca obiectiv stabilirea acestei [6]. This paper aims to determine that dependence
dependete pentru otelul cu 0.1 %C. Acest tip de for the steel with 0.1 %C. This type of steel igdis
otel este utilizat la turnarea pieselor destinaten casting the pieces for chemical and
industriei chimicesi electrotehnice. electrotechnical industry.

2. Modelarea matematié@ a punctelor critice
si a liniilor lichidus si solidus din diagrama
de echilibru Fe - C
Pentru determinarea vatie fraciei de solid in
functie de temperatérin cazul eelurilor nealiate,
se utilizeaa diagrama de echilibru fier — carbon,

2. Mathematical shaping of critical points
and liquidus and solidus lines in Fe - C
equilibrium diagram
To determine the fraction of the solid variation
according to temperature for unalloyed steelss it i
used the iron — carbon equilibrium diagram (figure
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figura 1. Tn tabelul 1 sunt date coordonatelel). In table 1 are given the critical points’
punctelor critice din aceastliiagrani dupi diversi coordinates from this diagram by various authors
autori (C, E’, F', S’ sunt notéle pentru diagrama (C', E', F ', S' are notations for the iron-graphit
fier grafit) [4]. Tn cadrul acestei luini se vor utiliza  diagram) [4]. In this paper be used the values
valorile furnizate de Metals Handbook. provided by Metals Handbook.
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Figura 1. Diagrama de echilibru Fe-C (Fe®e
Figure 1. Fe-C equilibrium diagram (FezEg
Tabelul 1. Punctele critice din diagrama de echilitier — carbon [4].
Table 1. Critical points of iron - carbon equililom diagram [4].
Temperature, ifiC Carbon content, in %
Metals Giesserei Metals Giesserei
Critical '?fgsg)n 2?3926 Handbook Kalender 'E'fgn;g)n 2?3926 Handbook Kalender
point (1973) (1986) (1973) (1986)
A 1534 1536 1538 1536 0 0 0 0
B 1493 1493 1495 1493 0.51 0.5 0.5 0,533
C 1147 1147 1148 1147 4.3 4.3 4.3 4302
C 1153 1153 1154 1153 4.25 - 4.26 4.256
D - - - 1252 6.67 6.67 6.67 6.689
E 1147 1147 1148 1147 2.06 2.04 2.11 2.14
E’ 1153 1153 1154 1153 2.03 - 2.08 2.089
F 1147 1147 1148 1147 6.67 6.67 6.67 6.68¢
G 910 911 912 912 0 0 0 0
H 1493 1493 1495 1493 0.1 0.1 0.10 0.086
J 1493 1493 1495 1493 0.16 - 0.16 0.16
K 723 723 727 727 6.67 6.67 6.67 6.689
L 500 400 400 400 6.67 6.67 6.67 -
M 768 769 770 770 - - - -
N 1390 1392 1394 1394 0 0 0 0
0 768 769 770 770 - - - -
P 723 723 727 727 0.02 - 0.0218 0.034
Q 500 400 400 400 0,006 - 0,002 -
S 723 723 727 727 0,8 0,8 0,77 0,758
S’ 738 738 738 738 0,69 - 0,68 0,688
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Coordonatele principalelor puncte critice din The coordinates of the main critical points in
diagrama de echilibru Fe — C se pot calcula irthe Fe-C equilibrium diagram can be calculated
functie de compozia chimici. Concentraa Gz in  according to the chemical compositiong € the
carbon a punctului E din diagrama de echilibru estearbon concentration of point E in the equilibrium
dat, Tn %, de relga [5]: diagram) is given by [5]:

Ce=C+0.3(Si+P)+0.4S + 0.22Al + 0.115Sb + @4} 0.074Cu + 0.053Ni — 0.027Mn — (1)

—0.015Mo - 0.063Cr — 0.135V.

Simbolurile reprezirit cortinutul elementelor The symbols represent those elements’ content
respective, in %. in %.

Temperaturile de transformare eutettigi The temperature of eutectic and eutectoid
eutectoid Tn sistemul stabil (d si Ts) si In  transformation in the stable system(@nd T) and
sistemul metastabil (I'si Ts) se pot calcula de in the metastable systemBnd Ts) can also be
asemenea in futie de cofinutul de elemente de calculated according to the alloying elements

aliere prin reldgile [5] (in °C): content through the relations [5] (in °C):
T'c = Tc stap= 1153 + 7.5Si —30P — 2Cr, (2)
Tc = Te mee= 1145 — 10Si — 30P + 30Cr, (3)
T's= Tssta= 738 + 35Si + 200P + 8Cr — 20Ni — 35(Mn — 1.73p€u, 4)
Ts= Tsmet= 723 + 25Si + 200P + 8Cr — 30Ni — 35(Mn — 1.73p€u. (5)

Temperatura de finceput de solidificare a  The first temperature of iron- carbon alloys’
aliajelor fier — carbon este date linia ABC'D’  solidification is given by the ABC'D’ line (the
(linia lichidus). Temperatura sfaului de  liquidus line). The final temperature of
solidificare este datde linia AHJE'C'F’ (linia  solidification is given by the AHJE'C'F' line (the
solidus). Pentru modelarea matematica  solidus line). For the mathematical shaping of
solidificarii in vederea simdtii intregii game de solidification in order to simulate the full rangé
aliaje fier — carbon este necesar ca temperaturiaon- carbon alloys, it is necessary that the
corespunitoare acestor curbei se exprime prin  temperature corresponding to these curves to be
relaii matematice. Cea mai sindplaproximare a expressed through mathematical relationships. The
ecuaiei acestor curbe este prin fumcde gradul simplest approximation of these curves’ equation is
unu. Aceasta conduce la modele matematice mdy linear functions. This leads to more simple
simple ale procesului de solidificagiela scheme de mathematical models of the solidification process
rezolvaresi softuri mai simple. Pentru modelarea and settlement schemes and more simple softwares.
matematié@ a solidificirii otelului cu 0.1 %C sunt For the mathematical shaping of the steel with
necesare ectide curbelor lichidus (AB)si solidus 0.1 %C solidification, the liquidus(AB) and solidus

AH [2, 3]. AH [2, 3] curves’ equations are necessary.
Ecuaia curbei AB, curba lichidus pentru aliaje The AB curve equation, the liquidus curve for
Fe — C (eeluri turnate nealiate), cu comut de Fe - C alloys (casted unalloyed steels), with a
carbon intre 0 + 0,5 %C este: carbon content between 0 + 0.5 %C is:
Tg-T
Tiichidus = TaB :—CB_ CA [{C-Ca) +Ta, [°C] (6)
B~ LA
Curba AH, solidus pentru aliaje Fe — C cu The AH solidus curve, for Fe — C alloys with
0 + 0,1 %C, are ectia: 0 + 0.1 %C, has the equation:
Ty-T
Tsolidus= TAH =MEQC— Ca)+Ta, [°C] (7)
Ch-Ca
in aceste reli C reprezing corninutul de In these relations C represents the carbon

carbon in procente, AT Tg, Ty reprezind tempera- content in percent, ,T Tg, Ty represent the critical
turile punctelor critice din diagrama fier — carbon points temperature in the iron - carbon diagrand, an
iar Ga, Cg, Gy — coninuturile de carbon (in %) C,, Cs, Gy — the carbon contents (in %)
corespuniatoare punctelor critice respective. In corresponding to that critical points. In table r2 a
tabelul 2 sunt date ecile numerice obinute given the numerical equations for these curves
pentru aceste curbe pe baza valorilor din tabelul 1 obtained on the values in table 1.

302



RECENT, Vol. 13, no. 3(36), November, 2012

Tabelul 2. Ecugile temperaturilor lichidusi solidus a aliajelor fier carbon
Table 2. Liquidus and solidus temperatures’ equatif iron carbon alloys

No. Line's type | Line’s symbol The validity domair] Ecuation Relation no
u.m. - - %C Tin[°C] and C in [%] -
1 Lichidus AB 0+0.5 Tas =—86C + 1538 (8
2 Solidus AH 0+0.1 Tan =—430C + 1538 9)
3. Determinarea varidiei fractiei de solid 3. The determination of fraction of the solid
cu temperatura la solidificarea aelului variation with the temperature at steel
cu 0,1 %C cu ajutorul diagramei Fe — C with 0.1% C solidification by using

diagram using Fe - C

Otelul nealiat cu 0,1 %C corespunde The unalloyed steel with 0.1 %C corresponds to
concentrgei punctului H din diagrama de echilibru the H point concentration in the Fe — C equilibrium
Fe — C. Temperatura solidus a acestiél ®ste  diagram. The solidus temperature of the steekis T
Ts = Ty = 1495 °C (tabelul 1). Temperatura lichidus T, = 1495 °C (table 1). The liquidus temperature is
se calculeaz din relgia 8 (tabelul 2). Inlocuind in calculated from relation 8 (table 2). Substituting
aceast relaie valoarea camutului procentual de this relationship the value of the percentage etunte
carbon C = 0,1% se ghe T, = 1529,4 °C. of the C = 0.1 % carbon, are obtain3 1529.4 °C.
Dependeta fragiei de solid cu temperatura la The fraction of the solid dependency on temperature
solidificarea acestuitel se oldne aplicand legea at this steel’'s solidification is obtained by appty
segmentelor inverse (legea pérghiei) la diversehe inverse segments rule (the leverage rule) at
temperaturi in intervalul de solidificare. Se different temperatures in the solidification intaitv
utilizeazi schema si notgiile din figura 3. Are used the scheme and notations from figure 3.
Orizontala dus la o temperatdr T in intervalul de  The horizontal mapped at a temperature T in the
solidificare intersectedz linia solidus (AH) in  solidification interval, intersects the solidusdiAH)
punctul X, iar linia lichidus (AB) Tn punctul Y. in the point X, and liquidus line (AB) in point Y.
Conform acestei legi, la temperatura T masa dender this rule, at the temperature T, the solidsna
solid (my) si masa de lichid () verifica relaia: (mg) and the liquid mass (hverify the relation:

M DY = mg@X (10)

OY si OX reprezini lungimea segmentelor OY and OX represent the length of those
respective, fisurate pe diagrain segments, measured on the diagram.
inlocuind m = m — mysi notand clg fractia de Replacing m = m — ny and noting withé the
solid la o temperatura T, setote in final relgia: fraction of the solid at a temperature T, in thel en
we obtain the equation:

g=——>=—"="* 0 (11)

unde G, Cx, C, reprezini continutul de carbon where G, Cx, C, represent the carbon content
care corespunde punctelor respective (O, X, Y).  which corresponds to that points (O, X, Y).

Pentru determinarea grafici analitici (prin For the graphical and analytical determination
regresie matematiy a dependeapi fragiei de (by mathematical regression) of the fraction of the
solid, de temperatay s-a calculat frata de solid la  solid dependence on temperature, the fractionef th
mai multe temperaturi T, din intervalul de solid was calculated at several temperatures Mdn t
solidificare (T. + Tg). S-a utilizat relga (11). S-a  solidification interval (T + Ts). Are used the relation
determinat frata de solid la temperaturile (11). The fraction of the solid was determined at
T, =T, =Tg=1529.4°C, T= 1525°C, T, = 1520 °C, temperaturesT= T, = Tz = 1529.4 °C, T= 1525 °C,

T, = 1515 °C, T = 1510 °C, § = 1505 °C, T3 = 1520 °C, T = 1515 °C, T = 1510 °C,

T; = 1500 °Csi Ts = Tg = 1495 °C. Valorile Tg= 1505 °C, ¥ = 1500 °C and J= Tg = 1495 °C.

marimilor utilizate in calculesi rezultatele obnute  The values used in the calculations and the oldaine

(fractia de solid calcul&tg) sunt date Tn tabelul 3. results (the calculated fraction of the sofjd are
given in table 3.
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Figura 2 Schema pentru determinarea v@iifraciei solidificate la solidificareatelului cu 0,1 %C
Figure 2. Scheme for determining the solidifiectfian variation at the 0.1 %C steel’s solidificatio

Tabelul 3. Frafia de solid calculatin fungie de temperatér
Table 3. The calculated fraction of the solid adawy to temperature

No. Temperature Carbon content Fraction of thedsqli

Symbol T (@ Cx Cy &
Measurement uni °c % % % -

1 1529.4 0.1 0.02 0.1 0

2 1525 0.1 0.0302 0.1512 0.4231

3 1520 0.1 0.0419 0.2093 0.6529

4 1515 0.1 0.0535 0.2574 0.7719

5 1510 0.1 0.0651 0.3256 0.8660

6 1505 0.1 0.0767 0.3837 0.9241

7 1500 0.1 0.0884 0.4419 0.9672

8 1495 0.1 0.1 0.5 1
Valorile G si Cy sunt calculate Tn funie de Cx and G values are calculated according to

temperatut pe baza reldélor (8) si (9) (tabelul 2). the temperature on relations (8) and (9) (table 2).
Relaiile de calcul adaptate la natke din tabelul 3 ~ The calculation relationships adapted to the nmtati

sunt urnitoarele: of table 3 are the followings:
Cy = (1538 - T)/86; (12)
Cx = (1538 —T)/430. (13)
Pe baza rezultatelor pbute (valorile calculate Based on the obtained results (the calculated

ale fragiei de solid din tabelul 3) s-a determinat values of the fraction of the solid from table 3swv

prin regresie matematicfungia polinomiai de calculated by mathematical regression the second-

grad 2, care expriinfracia solidificaé in funaie de  degree polynomial function that expresses the

temperatut pentru gelul cu 0,1 %C. Aceasta este: solidified fraction according to the temperature fo
the steel with 0.1% C. This is:

£=a+bll + cr*=—-1847.838 + 2.472853T — 826.873151.0° (1>, (14)

Abaterea medie ftratici a aproximéei este The mean square deviation of the
0,000162. Deoarece T are valori de ordif, 1@ T approximation is 0.000162. T has values of
are valori de ordinul 10 pentru a calculé& cu  order 16 and B of order 16. Hence,

precizie de 0,01 este necesar ca “c”, coeficiltiul - ca|cylation of: with a precision of 0.1, requires
T¢, s aiba cel puin 9 zecimale, iar “b”, coeficientul “c" the coefficient of 2 to have at least 9

Iui'T, 53 aiba minim 5 zecimale. decimal places, and “b”, the coefficient of T at

Graficul polinomului de grad 2, determinat prin least 5 decimal places.

regresie, care aproximeazependeta fragiei de The second-degree polynomial's  graph,
solid in funcie de temperatdr este attat in figura determined by regression, which approximates the
3 ’ fraction of the solid dependency on temperature, is

shown in figure 3.
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Figura 3. Reprezentarea grafi funciei de grad 2 (determin@aprin regresie) care exprinwvarigia fragiei de
solid €) in funaie de temperatérpentru eelul cu 0,1 %C
Figure 3. The graphical representation of the qatadfunction (determined by regression) which esges
the fraction of the solid variatioif)(on temperature for the steel with 0.1 %C

4. Determinarea varigiei fractiei de solid la 4. The determination of the fraction of the

solidificarea ofelului cu 0,1 %C, prin solid variation at the solidification of
aproximare liniar a 0.1 %C steel, by linear approximation
Modelele matematice destinate siarul The mathematical models for solidification

solidificarii pieselor turnate utilizedzde obicei o simulation casted pieces usually use a linear
aproximare linia¥ a dependegri fragiei de solid de approximation of the fraction of the solid
temperatut, Aceasta se justificprin curbura relativ.  dependency on temperature. This is justified by the
mica a graficului din figura 3. Aproximarea prin relatively small curvature of the graph in figure 3

polinom de grad 1 are daavantaje: The approximation by a first-degree polynomial has
two advantages:
- conduce la softuri mai simple, care asigar - leads to more simple softwares that provide a
durad mai mia a simurii proceselor de shorter duration of the solidification simulation
solidificare. processes.

- nu neceslt utilizarea diagramei de echilibru - does not require the using of the equilibrium
(diagrama care in cazul telurilor aliate nu este diagram (diagram which for the alloyed steels is
totdeauna disponila). not always available).

in acest caz varim fragiei de solid la In this case the fraction of the solid variation at
solidificare se aproximedazrin fungii liniare care  solidification is approximated by linear functions
trec prin punctele de coordonate (T 31495 °C, which come through the points of coordinates

§=1)si (T =T, =1529,4 °C{ = 0). Ecusia acestei (T = Ts= 1495°C£ =1) and (T =T = 1529.4 °C,

functii este dat de relaia general [3]: & = 0). The equation of this function is given bg th

general relationship [3]:

T -T

T -Ts
unde T, Ts si T reprezini temperatura lichidus, where T, Tssi T represent the liquidus temperature,
temperatura solidussi respectiv temperatura the solidus temperature and respectively the

E= (15)

momenta# din intervalul de solidificare. momentary temperature in the solidification
interval.
Se obser¥ ca In acest caz este suficierit se It is noted that in this case it is sufficient to
cunoasé numai temperaturile lichidus solidus ale  know only the liquidus and solidus temperatures of
aliajului. the alloy.

Tnlocuind valorile acestor temperaturi, pentru Substituting the values of these temperatures
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otelul cu 0,1 %C, se ¢ine relaia:

for the steel with 0.1% C, was obtained thatreh:

1529.4-T 1529.4-T
= = =44.459302-0.0290697T . (16)
1529.4-149¢ 34.4
In figura 4 este reprezerdatrafic aceast In figure 4 this function is graphically
functie. represented.
1 T T T T T T
o8r s **i*"*:T""i"":r"ﬁ:"** Figura 4. Reprezentarea grafi fungiei de grad 1, care
oL e St NG e aproximeai variaia fraaiei de solid
g e e i N e in funaie de temperatérpentru gelul cu 0,1 %C
EO5F-—— -4 -t N A=
5 o.4————+:————i————:+————: ———1%———4:———7 Figure 4.The graphical representation of the linear
R e e e N function, which approximates the fraction of théicso
B e e e e variation according to temperature for the ste¢hwi
R e e e N 0.1 %C
10495 15‘{)0 lSL.')S 15‘10 15‘15 15‘20 15‘25 1530
Temperature "T" PC]
5. Concluzii 5. Conclusions

Rezultatele conduc la utitoarele concluzii:

The results lead to the following conclusions.

- Modul de lucru utilizat, pentru determinarea - The procedure used to determine the dependence of

dependetei a fragiei de solid cu temperatura la
solidificarea ¢elului cu 0.1 %C este aplicabil
pentru alte compodi de geluri nealiate care la
solidificare formeaz soluie solidi;

- Aproximarea varigei fraciei de solid prin fungi
polinomiale de grad 2 conduce
matematice precise a solidifid pieselor turnate,
dar conduce la rezalvi greoaiesi la softuri mai
complexe;

- Aproximarea varigei fraciei de solid cu
temperatura prin funit liniare se bazedznumai
pe cunosterea temperaturilor solidus lichidus
ale aelului (nu necesitcunogterea diagramei de
echilibru si a ecudilor liniilor din diagrama de
echilibru).
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