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Effect of Tin on the Phase Transformations of Qemts

Jacques LacazeJon Sertuchfa

Abstract Copper, manganese and essentially tinuseel 1 Introduction

as alloying elements for obtaining cast irons wvathully

pearlitic matrix in the as-cast state. Additiontf, at a Common cast irons are Fe-C-Si alloys of near eigtect
level of about 0.10-0.15 mass%, seems to be the onfjomposition, meaning typically 2-4 mass% Si and338
practical way for avoiding growth of ferrite in the mass% C. Cast irons with lamellar graphite (LGB arost
stable eutectoid reaction and to fully transforra thatrix  often intended to have a pearlitic matrix that gilte them
of the material to pearlite in the metastable doidcsys-  a high strength which will somehow compensate fieirt
tem. While the role of copper and manganese has betrinsic low ductility. On the contrary, cast m® with
previously rationalized, the way tin affects thaeetoid spheroidal graphite (SGI) are cast for either & fdrritic
transformation in cast irons is still a matter ebdte. The matrix, associated with a high fatigue resistanu @ high
present work makes use of an assessment of then Fe-Buctility, or a fully pearlitic matrix which will esure high
system and of experimental data in the Fe-C-Sresy$p  tensile strength to the expense of lower ductillty.all
evaluate the effect of tin on phase equilibriatiis latter  practicality, a fully ferritic matrix will be obtaed by slow
system. One ternary parameter is estimated and tl®oling during the eutectoid transformation ithe
resulting modification is applied to literature @ain Fe-C- stable (Fe)-graphite system, while a pearlitic matill be
Si-Sn equilibria. Finally, solid-state phase tramsfation favored by increasing the cooling rate which wike the
temperatures are calculated and used to discussriexp solid-state transformation in the metastable (Feehentite
mental information dealing with pearlitic cast it is  system.

proposed that pearlite formation in Sn-bearing tasis is When the casting conditions are fixed by production
associated to the transient formation of aSR&€ com- constraints, strict control of low level elemenigls as
pound which has an ordered FCC structure. manganese and copper is used to favor a finalti€erri

matrix while addition of these elements helps ggtta

Keywords cast iron° eutectoid transformatioR Fe-C-Sn  pearlitic matrix. However, it is recognized thadéibn of
system these two elements is generally not sufficientebayfully

pearlitic matrix and it is usual to add some tin or some
antimony to this aim. Previous work has shown thain

equivalent Sg, could be defined &s':

& Jacques Lacaze ° . °
jacgues.Iacaze@ensiacet.fr Sheg ¥4 0:075° W b 0:125° weu p wsn OEq 1p

Jon Sertucha where wis the amount in mass% of the alloying element i.
jsertucha@azterlan.es When Sgq is higher than about 0.13 mass%, a fully
pearlitic structure is obtained in spheroidal gitpltast
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Equation1 shows that the pearlite promoter effect of
copper or manganese is about 10 times lower thainath
tin which indicates that these elements may aftbet
eutectoid transformation in a different way tham it has
been suggested that the role of manganese isdogsjr
decrease the driving force for the stable eutect@ds-
formation, while that of copper is to decrease titamns-
formation temperature below the ferrite Curie terapge
at which the carbon diffusion coefficient in feeridbruptly
decrease$”

The role of tin is controversial, with Johnson and
Kovacs$® and Kovac¥ reporting enrichment in tin at the
graphite matrix interface, while others could nioidf it.
Such an enrichment could lead to the formation of S
bearing cementite as proposed by Grigordficihich
however goes against the experimental knowledgeSha
does not promote cementite during solidificationerev
when added at a level of 0.5 masStAlso, Kovac$’
stressed that such an enrichment could not be tddtéa
the lamellar iron he studied in which Sn had beduhed at
similar levels as in the nodular irons and was Igear
promoter as well. This adds to the controversyhaset is
no reason for tin segregating differently in laraeland
spheroidal graphite irons. One of the reasons ey
explain that this controversy is still under debiatéhat no
data on the effect of tin on the stable and mebestau-
tectoid temperatures has been made available nonil

The present work is thus divided in two parts. Tihst
one presents step by step phase diagram calcidgien
formed to predict the effect of tin on phase ebuidi in the
Fe-rich corner of the Fe-C-Si-Sn system. Theseutaic
tions are then used for discussing previous expariai
data on the effect of tin on stable and metastabtesfor-
mation temperatures of common cast irons.

2 Thermodynamic Description of the Fe-rich
Corner of the Fe-C-Sn System

The thermodynamic evaluation of the Fe-Sn phasgraiia
by Kumar et al'® has been introduced in the SSOL
databank that was available in 1998. The only ckangde
to this latter bank is the improvement of the F&iGystem
performed by Miettiné®” to the earlier assessment by
Lacaze and Sundmé&f? Following usual practice, inter-
action parameters identical to those of the BCCphAase
were introduced in the description of the HCP_A3ag#hto
avoid the stabilization of the latter in the Fe-Srstem.
Also, the expression of the stability of FCC-Sratiek to
the standard state BCT-Sn selected by Kumar &% afas
accepted and writes (J/mol):

0GESC - °GECT v, p5510- 8:46° T SEq

Even though the present study focuses only on tie F
rich corner of the system, there is unfortunatedyyMittle
experimental information for assessing the dedoript
obtained by extrapolating the binary systems. Inigaar,
there is a known E®nC compound with a perovskite
structuré? that should be accounted for but for which no
thermodynamic or phase diagram information was doun
Such a phase that has an ordered FCC structuramsppe
several systems as established for a long fith&@he
FeAIC phase has been previously described by meaas of
CALPHAD approach with a four-sublattice model ireth
case of the Fe-Al-C systéh but such a complex mod-
elling was considered out of the scope of the pres®rk
because of the very low tin contents relevant fopliaa-
tions to cast irons.

Wang Zhengyue et Bf' measured carbon solubility
limits in Fe-C-Sn liquid at various temperatures fm
contents up to 3.5 mass%. Figure shows this experi-
mental information plotted against the calculationade
using the SSOL database without introducing angraat-
tion term between C and Sn in the liquid. It isrséeat,
apart for a clear shift of the carbon content mlimary Fe-

C system (w,= 0) which then translates into the ternary
system, the effect of tin on the solubility limit carbon is
well represented at each investigated temperatitreout
resorting to any interaction coefficient.

Equilibrium between austenite and liquid in thenirich
corner of the Fe-C-Sn system has been studied k& Im
et al™ at different temperatures for various Fe-C-Sn
alloys and at 1443 K for apparently one single yakm
which experiments were repeated. To reproduce ihe d
tribution of tin between austenite and liquid a#34, it
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Fig. 1 Comparison of experimental carbon solubilitit!® with
calculations. Diamonds, squares and triangles areexXperimental
data obtained at 1500, 1400 and 1300 oC respegctivel



was necessary to add a ternary interaction pararfate
austenite. Its value was finally set by trial ambeto:

LOFCC AL FeSn: C; 0 ¥ -150,000 J/mol oEq P

Table 1 Experimental tin partition coefficientkfor equilibrium
between austenite ¢ and liquid L for various FerCaBoys (com-
positions in mass%)! and corresponding calculated values

Figure 2 shows the calculated isothermal section at

1443 K of the Fe-rich corner with a comparison loé¢ t
calculated tie-lines for equilibrium between augtemand
liquid with the experimental results. Though a smshift
in carbon content as in Fig.can be observed, the slope of
the experimental and calculated tie-lines agre¢hdvi the
interaction term, the partition coefficient whichdlose to
0.70 for composition expressed in atom fractiwould
have been much lower at 0.22.

In Tablel are compared the experimental and calcu-

Alloy Holding Experimental Calculated
temperature, K
Fe-1.71C-0.76Sn (a) 1676 0.28 0.24
Fe-2.42C-1.64Sn (b) 1613 0.37 0.30
Fe-2.91C-1.03Sn (c) 1586 0.42 0.34
Fe-2.72C-0.52Sn 1573 0.41 0.35
Fe-3.26C-0.46Sn 1523 0.49 0.44
Fe-3.58C-1.1Sn 1485 0.63 0.52
Fe-3.77C-0.43Sn 1443 0.73 0.65
Fe-4.02C-1.66Sn (d) 1418 0.84 0.71

lated tin partition coefficients between austeaitel liquid,
k", for the various alloys and temperatures invettiga
by Imai et af*”! here on the basis of compositions
expressed in mass and not in atom fraction. Thbocar
content of the alloys has sometimes been decreased,
indicated in the notes in the table, to achieveva-phase
calculation. It is seen that the temperature effecper-
fectly reproduced when using the constant intevacterm
given by Eqg3.

Similar calculations with comparison to experiménta

results from _Tanalﬂfl fqr Fe-C-Sn _and F_e_—C—Si-Sn _alloys
i‘m, "RRCFELISTAR YAt A (iR t{Hé’?fﬁ't%%ﬁf@m,”t'

partition coefficients for quaternary alloys. Tdsve a two
phase austenite-liquid equilibrium, either the teragure or
the carbon content of the alloy was slightly meatifin some
cases, as indicated in the notes of the table h®mhole, a
very good agreement between calculations and ewpats
is observed. For the Fe-C-Si-Sn alloys at the tighdst
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Fig. 2 Calculated isothermal section of the Fe-domer of the Fe-
C-Sn phase diagram at 1443 K compared to experahanstenite/
liquid equilibrium datd”? (squares for liquid composition and
triangles for austenite composition). Two-phase alos with tie-
lines are identified

For calculation, the carbon content was set to ma%s% (a), 2.22
mass% (b) and 2.51 mass% (c) respectively for dineposition to be
in the calculated two-phase austenite/liquid fieldthe calculation
temperature was raised to 1423 K for liquid to bespnt

temperatures, the experimental silicon partitioefficient is

slightly higher than 1 while calculations preditistelement
behaves as in steels, with a partition coefficisinghtly

below 1.

3 Application to Cast Irons

With the above description of the Fe-rich cornethef Fe-
C-Sn system, and owing to the very limited amourtiro
relevant for cast irons production (0.1-0.13 masafb
most), it could be considered that appropriate utatmns
for Fe-C-Si-Sn alloys could be performed.

It was found that, for an alloy containing 2.5 nfasSi,
the addition of 1 mass% Sn would decrease the tutec
temperature by 2 oC and decrease the corresponding
eutectic carbon content from 3.6 to 3.5 mass%. &fiect
on the eutectic temperature is so small that itld/dardly
be observed experimentally, as seen with the edut
Lacaze et df who reported that Sn addition showed either
an increase or a decrease of the eutectic platrapetra-
ture as recorded by thermal analysis. The caladilate
decrease is however in agreement with results tegdry
Kanno et al?

The most important information expected from the
above description concerns the eutectoid transfiioma
Figure 3 and 4 compare isopleth Fe-C sections of,
respectively, the stable and metastable system2.&at
mass% Si and 0 and 1 mass% Sn. According to thgse f
ures, 1 mass% tin shifts slightly to higher tempaes
both the stable and metastable eutectoid temperatur
ranges.

In most casting conditions, the cooling rate durihg
eutectoid transformation is such that substituticodutes



Table 2 Experimental tingk,

- L " Alloy Holding Experimental Calculated Experimental Calculated
and silicon, g, partition temperature, K e/ e kel e
. . A Sn Sn Si Si
coefficient for equilibrium
betwegn austenite c and liquid L Fo_4 02C-1.66Sn @) 1418 0.84 0.71
for various Fe-C-Sn and Fe-C-
Si-Sn alloys (compositions in Fe-3.58C-1.10Sn 1485 0.63 0.52
mass%)® and corresponding Fe-2.91C-1.03Sn (b) 1586 0.42 0.34
calculated values Fe-2.42C-1.645n (c) 1613 0.37 0.30
Fe-3.92C-1.01-1.45Si (d) 1426 0.58 0.62 1.22 1.21
Fe-3.54C-1.53Sn-1.49Si (e) 1484 0.46 0.50 1.20 1.08
Fe-2.53C-1.37Sn-1.26Si 1558 0.32 0.38 1.03 0.92
Fe-2.07C-1.50Sn-1.41Si (f) 1623 0.28 0.31 1.03 0.83

For calculation, either the temperature or thetley carbon content was changed as follows to e
austenite/liquid equilibrium: (a) ¥ 1423 K, (b) w = 2.6 mass%, (c) w= 2.3 mass%, (d) & 1431 K,
(e) we = 3.2 mass% and (f) ;= 1.8 mass%
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Fig. 3 Isopleth Fe-C section of the stable Fe-Gi$iphase diagram Fig. 4 Isopleth Fe-C section of the metastable F&-Gn phase

at 2.5 mass% Si and 0 and 1 mass% Sn in the tetaperange of the  diagram at 2.5 mass% Si and 0 and 1 mass% Sn itetfygerature

eutectoid transformation. The fleference temperature for the alloy at range of the eutectoid transformation. Theéference temperature is

1 mass% Sn is indicated with the arrow assumed to be on the extrapolation of the c/a ibquin line as
indicated with the arrow for the alloy at 1 mass#o S

cannot redistribute between ferrite and auisen

(stable transformation) or pearlite and austenites 1 and 6.5 oC/mass%. These values are quite kwer
(metastable transformation). Both transformatiohsist the 21 0C/mass% previously estimated on the bdgiseo
proceed with the product, either ferrite or peeylinher-  comparison of the Fe-Si and Fe-Sn phase diagfhifise
iting the content in substitutional solutes of tharent 1, and T,reference temperatures have been previously
austenite. Accordingly, these transformations catil e expressed as function of Composition based on pﬁme

described in a Fe-C isopleth section of the relepimase  gram calculation§” These expressions are here comple-
diagram, and it has been proposed that the uppgsetle  mented with the effect of tin as:

ature at which these transformations can procesdin the

lower limit _of.fhe thrﬁe-phase Peld. Thes?_ o di-
tions are similar to the case of para-equilibfiuemstor-

2
T, % 739p 184 ° wsi p 2.0 ° dwsiP - 14:0°wcy—45:0° Wmn
b 2:0°wWmo — 24:0° wer — 27:5°wni P 5:1° wsp

mation as already describEd? The reference SEq

temperatures are denotegliif the stable (Fig3) and T, in ) q

the metastable (Figl) systems respectively as illustrated T, Y727 21:6 ° ws; p 0:023° dwsp = 21:0 ° Weu — 250 ° Wi

for the sections at 1 mass% Sn. b 8:0° Wyo P 130° Wer — 330° wyi p 65 ° wsn
The effect of Sn on the reference temperature Her t

stable and metastable eutectoid reactions is régpkcof 6Fq %



Lacaze and SertucHainvestigated alloys containing 190 ' ' .

different amounts of copper and tin cooled at vagicates
in the solid-state range but all presenting a farlitic Rl JUPPER
structure. The compositions of these alloys aredisn :::;";:mass% IR
Table 3 together with the calculated reference tempera- 60 - ’ 22 T
tures. For accounting for graphite precipitatiohe tw
values used for calculating these temperatures tlaee
nominal contents listed in Tab&multiplied by 1.05”

As the alloys presented a fully pearlitic structuttee sk $n>0,05 mass% i

experimental undercooling RF T, - T values, where @

s ferrite
40t

. Pearlite

Undercooling (°C)

T is the experimental temperature for the startthef 05 g e

eutectoid reaction, were evaluated as function rof t = o

cooling rate. These values are reported in BEigwith

symbols. Though scattered, the results show thaj DT AL : ; : ]
0 50 100 150 200

increases with increased cooling rate. Note thaabse of
the experimental scattering, some of the valuesnaga-
tive for the lowest cooling rates. The most intii@ Fig. 5 Variation with cooling rate of the underdagl for the start of
observation is that these results could be ratibmdlas the pearlitic reaction. Symbols are experimentélies obtained with
extrapolating to a zero undercooling at a zeroingaiate. the various _alloys listed in Tab& Interrupted and dotteq lines show
This is in strong contrast to results obtained vettoys the c_qrrelatlon f_qund on_alloys with o or Iovy NB.‘lﬂ fun for the
. . pearlitic and ferritic reactions respectively. T$@id line is the same
containing no or a low amount of tin (less than50.0 s the interrupted line shifted to a zero undeingoht zero cooling
mass%) for which the undercooling for the start lnd t rate
pearlitic reaction could be extrapolated to a valfi@bout
40 oC This previous extrapolation is shown with the
interrupted line in Fig5 while the solid line was obtained
by shifting it to a zero undercooling at zero coglrate. It
is seen that this solid line goes through the cloudcesults
for alloys containing more than 0.05 mass% of Tihis
suggests that additions of tin at levels of 0.05sh& or
above suppresses the undercooling for pearlite gtom,
probably by decreasing efficiently the undercoolifog
cementite nucleation.

Figure 6 shows the so-called bull's eye structure
obtained with a nodular cast iron that does notaiartin.
Ferrite forms first and its growth is controlled bgrbon
diffusion from the parent austenite to the graphiteules.
The rate of this transformation decreases with tene
temperature. On the contrary pearlite grows bysteitiu-
tion between ferrite and cementite at the peaalitstenite
interface and its growth rate does not change tiitte
though being temperature dependent. In Bithe change
In t.h_e unde.rcoollng DI= Ta— T for the_ start of the Fig. 6 Micrograph of a tin-free nodular cast irdrowing a ferritic-
ferritic reaction as measured on alloys with loweleof  pearlitic matrix

Cooling rate (°C/min)

Table 3 Nominal composition
of the investigated allo{ and
calculated reference
temperatures for the stable)T
and metastable (Y reactions

Alloy C Si Mn P S Cu Ti Cr Ni Sn Mg al Ty

3.73 199 0.60 0.015 0.014 0.40.010 0.07 0.06 0.066 0.050 747.8 745.5
3.73 2.03 058 0.014 0.018 0.680.036 0.07 0.06 0.042 0.055 746.6 742.1
3.75 190 0.62 0.014 0.014 0.8©.010 0.07 0.06 0.058 0.040 738.6 734.2
3.87 2.07 0.62 0.020 0.020 0.3®.010 0.07 0.07 0.095 0.060 751.2 749.9
3.84 212 060 0.021 0.021 0.5¥.010 0.06 0.06 0.105 0.052 750.9 747.0
3.83 2.04 060 0.018 0.019 0.7D.010 0.07 0.06 0.105 0.052 7459 741.6

o U~ WN P




tin is also plotted with a dotted line. It is seen tha
absolute value of this undercooling increases muoke
rapidly than that of the pearlitic reaction becaa$ethe

4 Discussion

When the Sn content in the alloy is high enougé,above

differences in the growth mechanism involved inheac results suggest that nucleation of pearlite islifatéd to

reaction. The difference in sensitivity to coolirege of the
ferritic and pearlitic transformations is such tha slight
difference between jland T, for alloys listed in Table
could be overtaken at any finite cooling rate. Téuplains
why a fully pearlitic matrix could be obtained wigtioys
containing more than 0.05 mass% Sn.

such an extent that any significant nucleation vcatging
is unnecessary. This must relate to nucleatioreofentite
as it has been seen that ferrite forms without ifiogmt
undercooling (see Fig5). In the introduction, it was
mentioned that some authors found enrichment iatShe
graphite/matrix interface which they proposed to de

To emphasize the competition between stable anarrier to carbon transfer to graphite or to leadhe for-

metastable phase transformations, the resultgibRave
been plotted as a CCT-like diagram in FigOn the basis

mation of a Fe-Sn compound. It has to be streds®dSn
enrichment around graphite may not have occurrethglu

of Table3, the T.and T,temperatures have been setto 75solidification as it would have hindered the stadlgectic

and 745 oC respectively. Thelines starting fro@ 86 are
numbered with the corresponding cooling rate innoi@/
The curve labelled “Ferrite” and the two curvesbetlled
“Pearlite” have been redrawn from Figstarting from |
and T, respectively. It is seen that the window for fexrit
formation is large in case of alloys with low leafltin
(0.05 mass%) and that a cooling rate higher tife€hdC/
min is needed for reaching directly the pearliberdhin in
this case. On the contrary, addition of tin movesdurve
for pearlite appearance upwards to such an extantte
window for ferrite formation is practically limiteth the
temperature difference.F Tp. Traces of ferrite could
thus be observed only at very low cooling ratess than a
few oC/min.

1000 T T T T

950 —
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Fig. 7 Diagram illustrating the competition betweéarrite and
pearlite during continuous cooling from 950 oC. Thes starting
from this temperature are numbered with the comedimg cooling
rate in oC/min. The curve labelled “Ferrite” arttie two curves
labelled “Pearlite” have been redrawn from Figstarting from T
and T, respectively, they show the start of the respectia@sfor-
mation as detected by thermal analysis

transformation. Accordingly, it should be assumétiee
that Sn segregated to this interface during sotates
cooling or heat-treatment, or that it formed préates in
solid state that would trigger cementite nucleation

Duc et af*? studied the phases forming at the interface
between various Fe-C alloys and liquid Sn. Accaydio
these authors, the most likely compound to fornhigh
carbon level is SnC and they reported this compound is
stable between 540 and 935 oC and forms easity fro
cementite. Accordingly, it may be assumed this coumals
effectively forms in cast irons containing high egb Sn.
This formation will be easier close to graphite nied and
in the austenite field as this compound is an @didorm
of austenite. These observations thus supportctiensatic
of the formation of an intermediate Fe-C-Sn compubiinat
triggers nucleation of cementite, somehow in linghw
conclusions by Lalich and LopEf! This compound would
eventually transform to cementite during final éogl of
the alloys.

5 Conclusion

Without invoking any effect of tin on carbon diffam in
ferrite, the present analysis confirms that itsrieapro-
moting effect relates to a significant decreasthefdriving
force for pearlite appearance. This is most probalsko-
ciated with a strong decrease of the driving faeguired
for cementite nucleation as the formation of ferdbes not
appear to need any significant undercooling. Exact
mechanism for this effect could possibly be relai@din
segregation at the graphite/austenite interfacespsrted
by Johnson and Kovadf@sfor spheroidal graphite irons.
However, contrarily to the statement by KovHtshis
segregation may not have developed during solatific
as it would have hindered eutectic transformatiorthie
stable system. The most probable mechanism isréme t
sient formation of a E&NC compound at the interface
between graphite and austenite during limgo after



solidification. This compound presents an ordeF&iC
structure and has been found to easily transform t?s

cementitd??
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