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Roles of molybdenum, silicon or aluminum in ferritc on grain boundary segregation and hence on in- 
tergranular fracture have been investigated by using Auger electron spectroscopy (AES) and tensile test. 
Competitive segregation between sulfur and carbon or nitrogen, which caused the decrease below 7(10"C of 
sulfur content at the grain boundaries, was observed in the pure iron. The intergranular brittleness of the 
pure iron was caused by sulfur at the grain boundaries. When molybdenum was added to the pure iron, the 
sulfur contents at the grain boundaries were lowered in comparison to those in the pure iron. The molyb- 
denum-bearing alloy showed higher fracture strength than that of the pure iron, and fractured mostly in the 
transgranular mode. This arises from the intrinsic effect of molybdenum on the grain boundaries as well as 
the decrease in sulfur content. In the 3.37 wt.%Si alloy, silicon and carbon or nitrogen competitively segre- 
gated to the grain boundaries, and such a compe:itive segregation was also observed between sulfur and car- 
bon or nitrogen. The sulfur content at the grain boundaries decreased with increasing silicon content. The 
fracture modes in the 3.37- and 4.26 wt.%Si alloys were transgranular in the rolling direction, but were 
mostly intergranular in the transverse direction and in the as-rolled condition. The intergranular charac- 
teristic in the fracture behavior may be attributed to the detrimental effect of silicon as well as sulfur on the 
intergranular cohesion. Carbon and aluminum only were found at the grain boundaries of the aluminum- 
bearing alloy. This suggests that aluminum is a strong repulser of sulfur or nitrogen at the grain boundaries. 
Additionally, it was found that aluminum has a detrimental effect on grain boundary strength of ferrite. 

1. I N T R O D U C T I O N  

Because grain boundary segregation influences many' 
mechanical and chemical properties of materials [1], 

great attention has been paid to the study of grain boun- 
dary segregation in connection to the properties men- 

tioned. 
Molybdenum has been shown to inhibit temper em- 

brittlement, not only in steels containing phosphorus, 

but also in steels containing the other known embrittling 

elements, including manganese [2]. A study of Fe-Mo-P 

alloys [3] led to the conclusion that the benificial effect 
of molybdenum resulted from an enhancement of carbon 

segregation. A direct scavenging of phosphorus in solid 

solution by molybdenum remains a possibility, as does 
the suggestion of Dumoulin et al. [4] that molybdenum 

decreases the embrittling potency of phosphorus. This ef- 

fect would only operate as long as there is enough 
molybdenum in solid solution to cosegregate to grain 

boundaries with carbon. Several long-time aging studies 

[2, 5, 6] showed that the beneficial effect of molybde- 

num ultimately disappeared when the molybdenum was 

precipitated in alloy carbides. Furthormore, a study of 

NiCrMo steels showed that molybdenum appeared to de- 

crease tin segregation as well as phosphorus segregation 

[7]. 
The study of Fe-Si alloys is of general interest be- 

cause Si is a common alloying element for steels and in- 

fluences several material properties. Fe-Si alloys with 3-4 

wt.% Si are widely used as industrial transformer steels, 

where grain orientation improves the magnetic pro- 
perties. Addition of Si may improve the resistance to 

stress corrosion cracking [8], and is assumed to have as 

well a benificial as a detrimental effect on secondary har- 
dening of steels [9]. In all these cases, interfacial segre- 

gation phenomena are suspected to play a significant 

role. Repulsion or cosegregation at surfaces or grain 
boundaries between Si and impurities has been reported 

in Fe-Si alloys [10-18]. Aluminum decreases the activity 
of carbon in ferrite and increases it in cementite, both ef- 

fects acting to retard cementite precipitation [19]. Ad- 

dition of small amounts of Si alters the hardening 
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response, the toughness and the fracture characteristics 
of secondary hardening steels by affecting both the pre- 

cipitate sites and morphology and by segregation of the 
Si itself to prior austenite grain boundaries at tem- 
peratures beyond the peak hardening temperature [9]. 
The deleterious effect of Si, i.e. its enhancement of temp- 
er embrittlement, can be significantly lessened by sub- 
stitution, in part, by the element AI. 

In this paper, mechanical properities of pure iron after 
aging are first examined related to the grain boundary 
segregation of impurities. Effects of addition to the pure 
iron of an alloying element such as Mo, Si or A1 on the 
grain bounda~' segregation behavior of impurities and 
hence on the mechanical properties are investigated. 

2. THEORETICAL BACKGROUNDS OF 
GRAIN B O U N D A R Y  SEGREGATION 

2.1. Driving force for interracial segregation 
Over the past two decades, the results of surface segre- 

gation measurements have almost invariably been in- 
terpreted by means of models in which a decrease in sur- 
face free energy is assumed to be the predominant driv- 
ing force for the segregation process [20]. In concrast, 
the interpretation of grain boundary segregation ex- 

periments has generally been based on the assumption 
that a decrease in lattice strain energy, associated with 
misfitting solute atoms, provides the driving force for 
the process [21]. It is clear, however, that any complete 
of equilibrium interfacial composition must involve min- 
imization of the total system free energy, which inc]udes 
contributions from both interracial free cnergy and the 
lattice solute energy strain of the alloy. 

When considered separately, the surface frec energy 
and solute strain energy effects can lead to qualitatively 
different predictions of the component which segregatcs 
to the surface of a dilute binary alloy. For example, in a 
hypothetical, ideal A-B solid solution in which the pure 
component A possesses a lower surface energy than 
pure component B, minimization of surface free energy 
would dictate a higher concentration of A in the surface 
than in the bulk of the alloy, for all bulk compositions 
of the alloy. In constrast, the solute strain energy con- 
cept would predict a higher concentration of the solute 
in the surface than in the bulk. Thus, the two effects 
would tend to reinforce one another in the case of a B- 
rich alloy whereas they would tend to counteract one 
another in an A-rich alloy. 

Most of the microscopic statistical treatments of in- 
terfacial segregation [22-28] in solid solutions assume a 

"two-phase" model, consisting of a bulk phase and an in- 
terface phase. In a crystal consisting of a two-component 
solid solution in which the first atom plane is taken to 
be the surface phase, the atom fractions [21, 22, 26, 29] 
of components A and B in the surface phase, X.~ and X}, 

can be expressed as tollows: 

~ - e x p / - - / =  " exp exp t ,; ,r j W i -  
(1) 

where X~' and X~ are the corresponding quantities for 

the bulk phase, AF~ and AS~ are the free energy and en- 
tropy of adsorption respectively, AH, is the enthalpy or 
heat of adsorption of the segregating component. The en- 
thalpy of adsorption [22, 30] is given by 

2AH,,, { Z , ( X . ~ _ _ X ~ ) + Z , ( X ~ _ I ) }  AH~ : ( ~  - yB)A + ~  . . . . .  
~ ' ~ A ' "  B 

247rkGr o r ~ (r o - r i) 2 

3Kr  I + 4 G r .  
(2) 

where y, and YR are the surface energies of components 
A and B respectively, A is thc surface area per atom, Z~ 
is the number of lateral bonds made by an atom within 

its plane, Z, is the number of bonds made by an atom to 
each adjacent plane of atoms (e.g. for an fcc crystal with 
a { 111 }-type surface, Z~=6 and Z,=3), K is the bulk mo- 

dulus of the solute, G is the shear modulus of the sol- 
vent, r,. is the radius of the solvent atom in the pure sol- 
vent and r~ is the radius of the solute atom in the pure 
solute. In cquation (11), the right first and second terms 
are related to surface energy [22], and the third term ar- 
ises from lattice strain energy [30] associated with mis- 
fitting solute atoms and is the easier expression for evalu- 
ation of strain energy than that employed by McLean [21]. 

To the same degree of approximation as equation (2), 
the entropy of adsorption can be written by 

2.~,*,., f h 
A';o = (s..~ .% ) a + ~ ~ z, (x.~ -- x~ ) 

zX~x?~ L 

241rkGr{}r ] (rl~- r l) 2 

+ ~ 3Kr  1 + 4Gro  

+z, b ~ t  (X~- ) 

(3) 

where S~ and S~ are the "specific surface entropies of the 

pure components. 

2.2. Theory of grain boundary segregation 
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The theories of equilibrium segregation are derived 
from the grain boundary analogue of Langmuir ad- 
sorption at free surfaces [21,31] as follows 

x, xf I - exp - ~ (4) 
X / j - x  I 1 -X~ t~/ 

The standard Langmuir-McLean equation (4) is valid 
for the binary solid solution M-I. The term X/~ represents 

the fraction of the grain boundary monolayer available 
for segregated atoms at saturation, and is usually re- 
placed by 1, Xt is the fraction of grain boundary covered 
with the atoms of segregant, Xff is the fraction of segre- 

gant atoms in the bulk, and AG~ is the free energy of 
segregation per mole of solute and can be written as 

AG t = AH I - TA~;~ (5) 

where AH~ is the segregation enthalpy and ASt is the 
segregation entropy. 

Gupta and Perraillon [32] expressed the equilibrium 
grain boundary concentration of I and M in ternary Fe- 
M-I system through 

x, 
I -xz -x,, t -x:-X~, 

I A(;i 1 
exp - RT fl' i= l ,  M (6) 

Equation (6) is equivalent to the Guttmann's equation 
[33] derived before Gupta and Perraillon. The terms AG,. 
i=I, M represem the free energies of segregation in ter- 
nary system and take the forms: 

AG 1 : -  AGtn+ 2aFr I - X f l ) -  Ot~l (X M - X~) 

AGt., t : - A G O  + 2av,,~ (X~, - X ~ ) -  a'M, (X t - X ~  (17) 

where AGt ~ and AG/J are free energies of segregation for 

I and M in their respective binary systems with Fc, ct*~, 
is the relative chemical interaction energy between 
solute atoms M and I with respect to the solvent Fe ac- 
cording to 

OE 'MI = 19(~'1I --  O~Fel -- a F e M .  ( 8 )  

Since oGu is usually greater than otto or ocrm [34], the bi- 
nary Fowler's terms (etF.t, C(~.M) in equation (7) are fre- 
quently ignored for simplicity, and then the second term 
in the right hand side of equation (7) disappears. E- 
quation (6) is valid only for competitive equilibrium 
segregation (I and M atoms segregate on the same sets 
of sites). A positive value of oc' expresses a relative at- 
traction between I and M dissolved in Fe, whereas R'<II 
means a relative repulsion between I and M (or a re- 

lative attraction between I-I and M-M). Assuming a non- 
competitive segregation [34, 35], equation (6) reduces to 
the following equation, which is equivalent to equation 
(4): 

x, 
. ex, l l - x ,  - l - X y  , i :1 ,  M (9) 

where has the same meaning as in the previous case. 
Yu and McMahon [36] modified equation (7) for a 

multicomponent system. They expressed the free energy 
of segregation in such system as 

AG :-AG/'+2aF~ i (X~ - X , ~ ) - ~ a ' j ,  (Xj -X~). (10) 
j ~i 

2.3. Kinetics of grain boundary segregation 
2.3.1. Grain boundary segregation with no precipita- 
tion reaction 

In practical situations where segreation is important, 
the segregant atoms often have insufficient time to reach 
their full equilibrium level as defined by the adsorption 
theories. Most models of the kinetics follow McLean's 
approach [21]. Solute atoms are assumed to segregate to 
a grain boundary from two infinite half-crystals of un- 
iform solute content or to a surface from one infinite 
half-crystal. Diffusion in the crystals is described by 
Fick's laws and the ratio of the concentration of the 
solute in the grain boundary to that in the adjacent atom 
layer of the bulk is given by the constant enrichment ra- 
tio ~3. The kinetics of the segregation are thus described 
by 

( FDt "~ ( FDT "~ X,,(t)-X,,(O) ~ J .er fc  

J (11) 

where F=4 for grain boundaries and 1 for the free sur- 
face, Xb(t) is the boundary content at time t, b is the 
solute bulk diffusivity and f is related to the atom sizes 
of the solute and matrix, b and a respectively, by f=a3b 2. 
For short times equation (11) approximates to 

X,, ( t ) -X  b (0) _ 2b'- ,~ [ FDt 
(12) 

Equations (11) and (12) are, in fact, limited extremes of 
a general problem. In practice, [3 is constant only for di- 
lute systems with low segregation levels. As segregation 
increases 13 generally falls as a result of saturation. If 
starts high and falls rapidly as the segregation saturates, 
equation (12) is valid up to saturation [37, 38]. A de- 
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tailed analysis for the saturation occurring in the Lang- 
muir-McLean adsorption theory has been presented by 
Rowlands and Woodruff [39]. Their analysis shows how 
the time dependence of the segregation changes from 
equation (11) to equation (12) as the final equilibrium 
~gregation level Xh(oo) approaches the saturation level Xo 
(0). 

The above discussions are valid for wholly enclosed 
surfaces or for grain boundaries. For surface segregation 
experiments in a vacuum system using AES, eva- 
poration of the segregant may occur. Lea and Seah [37, 
40] evaluated the effect of surface evaporation con- 
comitant with surface segregation with the following 
equation: 

E + I   xPl -F- l - e x p  y/2 . 

�9 erfc( Dt l'~_(E)~erf(_~lt~l (13) 

where E is the dimensionless parameter related to eva- 
poration rate. The results show no divergence initially 
from the McLean result of equation (11). However, as 
the segregation builds up, the evaporation rate increases 
and the bulk material begins to be depleted of solute. 
The segregation goes through a maximum and even- 
tually irreversibly falls to a tow value as the substrate 
purifies. 
2.3.2. Grain boundary segregation with precipitation 
reaction 

If the segregating element does not form a precipitate 
with an element within the matrix, its segregation based 
on equations (4) or (6) increases with increasing bulk 
concentration and decreasing temperature, following 
equations (11) or (12). An example of this effect is seen 
for phosphorus segregation in iron [41]. 

If a precipitate is formed, the amount of segregation 
will not increase with increasing bulk concentration 
once the solubility limit has been exceeded at any given 
temperature. 

Recently, Heo and Lee [42] observed the grain boun- 
dary segregation and subsequent desegregation phenome- 
na of elements in Fe-Mn-Ni ternary alloys durng isoth- 
ermal aging, which are directly governed by the MnNi 
precipitation reaction in the matrix. More recently, Heo 
analyzed theoretically the phenomena in the basis of a 
regular solution model [43, 44]. According to the Heo's 
results, the segregation kinetics of the elements in ter- 
nary alloys, which are accompanied by a precipitation 

reaction of the elements, can be described by the fol- 
lowing equation: 

- b'2 

' : 40 ,  ( 4L,,_ 
(14) 

where P(t) is a function related to the precipitaiton reac- 
tion within the matrix, P'(t) is the time derivative of P(t). 
Without any precipitation in the matrix (i.e., if P(t=O), 
equation (14) reduces to the McLean's equation [21] ex- 
pressed by equation (11). Otherwise, the right third and 
tourth terms in equation (14) have a negative effect on 
the segregation kinetics to the grain boundaries, and 
hence have a similar effect to evaporation. 

2.4. Quantification methods of surface composition 
Several methods of determination of the surface com- 

position are based on the model of single layer segre- 
gation [47-51]. It is generally assumed in these methods 
that the segregation is concentrated in the top atomic lay- 
er whereas the composition of the other layers is homo- 
geneous and equals the bulk composition. The ex- 
pressions based on equation (5) in Table 1 describe a sur- 
face enrichment only in a dilute binary alloy, while both 
enrichment and depletion may be determined by means 
of the more general expressions (3) and (4) in Table 1. 
The model of single layer segregation is a very useful 
tool for the description of the adsorption behaviour. 
However, if the composition varies in more layers, even 
this model can not be used rigorously. 

The methods of calculations of surface composition 
respecting a heterogeneous distribution of elements in 
several surface layers, seem to give results which reflect 
reality in the best way. The "multilayer segregation" ap- 
proach includes information about the composition be- 
low the surface. This information can be represented eith- 
er by the Auger peak heights (APH) of individual ele- 
ments measured after removal of the top atomic layer 
[52, 53] (equation (5a) and (5b) in Table 1) or by the 
derivative of the APH depth profiles at the surface [54] 
(equation (6) in Table 1). Evidently, the methods of 
"multilayer segregation" can be also applied to both to 
the case of homogeneous distribution of elements in the 
vicinity of the surface (e.g. ljW(O)=l)~t(d'Vt)) and to the 

case of single layer segregation (l~r M)= 0) or depletion 
( I~ t (d  M ) : I~). 

3. E X P E R I M E N T A L  P R O C E D U R E S  
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Table 1. Calculation methods of surface composition 

Model of Expression Ref. 
calculation 

Homogeneous 
distribution 

Single layer 
segregation 

Multilayer 
segregation 

a - { F ,  (1)  

J 
gj = 1/I] (la) [45] 

F] = {n][1 +r~(Ej,  a)]~' (Ej. 0)}/{I.~[1 +r'W(Ej, a)])LM(E L 19)} (lb) [461 

XA ~':  {Q~A lff(O)/lA }.[Iff(O)/I~ } (2) ~, 
QA A = A. M (E A .0) (2a) [47] 

QA = {[1 +r"(EA, o01/a2.5}/{11 +rM(EA, a)l/ad .s} (2b) [481 

Qna.~ = { 1 - e x p [ - d " / Z " ( E A ,  0)1}/tl-exp[-dM/A:U(En, 011} (2c) [49] 

1 

XAU= 1 -expI--dM/)LM(Ea, 0)] yl)u(O)./l)'. (3) [50] 
J 

I2(O)/Ia exp[-dM /,~,M(E.~ 0)] 
b 5 j(o)/1j 

J 
XA ~t + ~XA h exp[- kd M/Z M (E4,0)1 

,~ ~} (4) bl [51 ] 

( 1  - X~ u) + ~ ( 1  -Xa ~ ) exp[- kd M/Z  M (Et~ , 69] 
k--O 

lff(0)/~nh[1 + r~(Ea, a)]" [1 +rM(Eo, a)] 

l~t(0)/~nk[1 + r~ (E B , or)]-[1 + rM (EA , a)] 

X M= IFa {IM(O)-I3~t(dM)exp[-d~/3;~t(E~, 0)1}1/{ 1 --exp[--dM/ZM(EA, 0)1} (5) 

x [ ~ F y { l ~ ( O ) - l ~ ( d M ) e x p [ - d M  /A"f(Ej O) l } / {1 -exp[ -dM /~.M(E, ., 0)1}] ' 

s = l / l i ,  .- Fj = n j / l j ,  Fj. 

Fj = {hi[1 + r 5 (E j. o~)]Z ~ (E j, O)} / {I~[1 + r ~(E ), O~)],~M(Ej, /9)} 

(5a, 5b) [52, 53] 

(6) ~) [541 

~) Dilute binary alloy A-B. 
b~ Binary alloy A-B. 
cj Originally derived for ESCA technique. In the case of AES the back-scattering factors have been included in this 

formula. 

Simbols used: X~ ~ surface concentration of element A (in at.%), Iff (0); APH of element j measured at the surface, l)~(dM); 

APH of element j measured at the new surface after removal of one atomic layer of thickness d M, I~: APH of element j 

measured in the bulk, 1)'~: relative sensitivity factor of element j, n/ atomic density of element j, r(Ej, ~t): back-scattering fac- 

tor corresponding to kinetic energy Ej of an Auger electron of element j and to angle a of the incident primary electron 
beam to the target, k(Ej, 0): the escape depth of Auger electrons of element j, 0: (mea0,) angle of detected Auger electrons 
to the target, a] lattice parameter of element j, E: probability of penetration of an Auger electron into the layer immediately 
above, k: the depth variable. Superscripts M, s and bcorrespond to the alloy, to the pure standard and to the bulk, respec- 
tively. 
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3.1. Preparation of alloys 
Pure iron, 1.9Mo-, 3.37Si- 4.26Si- and 4.7Al-bearing 

alloys were prepared from vacuum induction melting us- 
ing electrolytic iron, pure aluminum bails and molybde- 
num brickets. The alloys were homogenized and hot-roll- 
ed to 2.5 mm plates. After decarburization treatment at 
73ff'C for 18 h under wet hydrogen atmosphere and sub- 
sequently at 9(xr'c for 3 h in the same atmosphere, fol- 
lowed by water quenching, the alloys were baked at 
200~ for 4 h in order to minimize the hydrogen effect 
on the grain boundaries. The alloy containing 4.26 wt.% 
Si were, however, heat-treated at the same temperatures 
with argon atmosphere. The five alloys each contained 0. 
0022, 0.0(119, 0.0038, [1.0037 and (/.0028 wt.% S, and 
contained 0.0014, 0.0029, 0.[)036, (I.0(117 and 0.0009 
wt.% C. The alloys were aged for various times (i.e. 160 
h at 450, 500 and 550~ 20 h at 600~ lh at 700, 8[10 
and 90if'C) in a neutral salt bath. Hardness tests were 
performed on the aged alloys, and tensile tests were also1 
carried out in liquid nitrogen on samples machined in 
the rolling direction and having a dimension (25 mm in 
gauge, 6.25 mm in width and 1.8 mm in thickness). 

3.2. Auger electron spectroscopy 
In order to investigate grain boundary segregation 

behaviors of solutes, AES samples, machined from ten- 
sile specimens and chilled with liquid nitrogen, were 
fractured in an ultra high vacuum chamber of about 1 • 
10 -~ Pa. An incident beam energy of 5 KeV was used, 
and the beam diameter was approximately 1 mm. About 
I0 grain boundary facets from each sample were used to 
obtain one datum point. The sulfur 150 eV, nitrogen 379 
eV, carbon 272 eV and phosphorus 120 eV peaks were 
selected for the analyses. Molybdenum, silicon and alu- 
minum peaks each were 186, 92 and 1396 eV. All the 
differential Auger peaks were normalized by the iron 703 
eV peak. It should be noted that the silicon 92 eV peak 
contains a contribution of uncertain magnitude from the 
iron 86 eV peak and that the latter decreases rapidly as 
the iron is covered by segregating elements. Normalized 
peaks were converted to monolayer fractions according 
to the Heo's equation [43] of which the derivation is 
shown in the Appendix of the present study: 

I x = lx .o l ( f x  - fx.0){ 1 -exp(-  I / Z  x cos0)} + f x . , l  

(15) 

and 

Ix.,! sx 
- (16) 

where f~. is the monolayer mole fraction of an element 
X in iron-base alloy system; k~ and k~,, indicate the ine- 
lastic mean free paths (IMFP) in monolayers of the X 
and Fe Auger electrons; ~ is the emission angle of the 
Auger electrons to the surface normal; S,. and SF,~ are 
the relative sensitivity factors between the pure elements 
and silver, obtained from the Handbook of Auger Elec- 
tron Spectroscopy [45]; Ix and IF,. are the Auger peak am- 
plitudes of the element X and the bulk Fe, respectively; 
lx.o and l~=,,.0 are the intensities of the relative signals from 
the pure bulk samples; f~,.o) is the mole fraction of X in 
the bulk. The value of cosy in equation. (15) can be re- 
placed by 0.74 [55, 56]. In the previous research [42], a 
similar equation to equation (15), which does not con- 
tain cos'o in the numerator of the exponential term, was 
used for quantifying AES peaks, but equation (15) is 
suggested for better results. The IMFP of the X Auger 
electron was evaluated by using the equation of Seah 
and Dench [57]: 

538 
~,x = + 0 . 4 1 ( a E x )  ~e (in monola.~ers) (17) 

E.~ 

where Ex (between 1 and 10,000 eV above the Fermi 
level) is the Auger electron energy in eV for the element 
X, a is the monolayer thickness in nanometres of the X 
element given by 

A a 3 -- (18) 
p n N  

Fig. 1. Changes in hardness of the decarburized pure 
iron with aging temperature. 
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Fig. 2. Microstructures of four alloys after aging: (a) the pure iron aged at 550~ (b) the molybdenum-beating alloy 
aged at 500~ (c) the 3.37 wt.% Si alloy aged at 55WC and (d) the aluminum-bearing alloy aged at 550~ 

where A is the atomic or molecular weight, n is the 
number of atoms in the molecule, N is Avogadro's numb- 
er and p is the bulk density [58, 59]. 

4. R E S U L T S  

Changes in hardness of decarburized pure iron with 
aging temperature is shown in Figure 1. The pure iron 
showed various hardness levels with aging temperature: 
about Hv 115 below 550~ a maximum hardness of Hv 
123 at 550"C and approximately Hv 70 above 6()(I"C. It 
was reported in a previous research [60] that an un- 
decarburized pure iron was age-hardened by oxide, and 
showed a maximum hardness of Hv 230 at 550"C. As a 
result, the maximum hardness in the present de- 
carburized pure iron is considerably low in comparison 
to that in the undecarburized pure iron. This may be at- 
tributed to a decrease in oxygen content necessary to the 
age-hardening after decarburization treatment, though a 
research [61] reported little change in oxygen content of 

pure iron after decarburization treatment. Figure 2 shows 
microstructures of four alloys containing the de- 
carburized pure iron. Oxide particles not uniform in size 
can be seen at the grain boundaries and in the matrix of 
the pure iron. The molybdenum-bearing alloy also con- 
tained many oxide particles after aging, but oxide par- 
ticles were little found in the silicon- and aluminum-bear- 
ing alloys. This is because the silicon or the aluminum 
contained acted as a strong deoxidizer during melting 
process. 

The ultimate tensile strength and elongation of the 
pure iron vary also with aging temperature, as shown in 
Figure 3. Some elongation was obtained after aging at 
800 and 900"C, but the pure iron, irrespective of its low- 
er hardness, exhibited a severe embrittlement at 600 and 
700"C, in which the tensile strengths were about 270 
MPa. From 7CI0"C, the ultimate tensile strength drast- 
ically increased with decreasing temperature, and, at 
500"C, amounted to 630 MPa, a maximum tensile 
strength. At 450"C, the pure iron showed a relatively de- 
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Fig. 3. Changes in ultimate tensile strength and elon- 
gation of the pure iron with aging temperature. 

creased tensile strength, 485 MPa. 
Fracture surfaces of the pure iron are shown in Figure 

4. After aging at 700~ showing a minimum in ultimate 
tensile strength, the pure iron showed a typical in- 
tergranular fracture in which fracture paths followed pri- 
or austenite grain boundaries. Also, oxide particles could 
be found at the grain boundaries. The intergranular frac- 
ture mode considerably decreased after aging at 50if'C, 
and hence the pure iron showed a mixed mode of in- 
tergranular and cleavage. According to the above results 
of the pure iron, the fracture mode of the pure iron in 
the range 500-700~ changed from intergranular to 
cleavage with increasing ultimate tensile strength. This 
means that the grain bounda~ cohesion increases with 
decreasing temperature. 

Figure 5 shows grain boundary segregation behaviors 
in the pure iron of impurities with aging temperature. 
With decreasing temperature, carbon and nitrogen corn- 
tents at the grain boundaries overally increased, but the 
sulfur content showed a decreasing tendency below 
700~ It is suggested that the change in sulfur content 
of the grain boundaries is attributed to the competitive 
segreagtion between sulfur and carbon or nitrogen. This 
suggestion can be partly supported by researches [62,63], 
which reported a competitive grain boundary segregation 
be~'een the impurities in iron with varying bulk content. 

lntergranular brittleness in the pure iron, when ref- 
erred to Figures 3 and 5, is, as a result, due to the sulfur 
segregated at the grain boundaries. This has been ecru- 
firmed also in several researches [60, 64, 65]. A role of 
carbon or nitrogen at the grain boundaries on the in- 
creased grain boundary strength may not be ignored in 
the present study. Briant [53] suggested that the de- 
creasing tendency of sulfur below 70fl"C was due to 

Fig. 4. Fracture surfaces of the pure iron: (a) aged at 
700"C and (b) aged at 500"C. 

Fig. 5. AES analyses of the pure iron. 

solubility limit of sulfur in pure iron and hence pre- 
cipitation of iron sulfide followed by a loss in the matrix 
of sulfur. However, a recent study of pure iron [60] 
showed that the precipitate in pure iron is not sulfide but 
oxide. There are some evidences in the study that the de- 



Grain Boundao' Segregation and lntergrt.nuho Fracture in Ferrite Containing Mo, Si or AI 57 

creasing tendency below 700"C of sulfur concentration 
at the grain boundaries with decreasing temperature is 
due to a competitive segregation between sulfur and car- 
bon or nitrogen. Therefore, the Briant's suggestion 165] 
is not reasonable, when referred to the previous research 
[6ol. 

Changes in hardness and ultimate tensile strength of 
the molybdenum-bearing alloy are shown in Figure 6. 
As in the pure iron, the molybdenum-bearing alloy also 
showed age-hardening behavior by oxide, which can be 
supported by Figure 2(b). ttardncss levels were re- 
latively high in comparison to those in the pure iron, 

Fig. 6. Changes in hardness and ultimate tensile 
strength of the molybdenum-bearing alloy. Fig. 8. AES analyses of the molybdenum-bearing alloy. 

Fig. 7. Fracture surfaces of four alloys: (a) the molybdenum-bearing alloy aged at 600~ (b) the 3.37 wt.%Si alloy 
aged at 600"C (for the rolling direction), (c) the 3.37 wt.%Si alloy aged at 600~ (for the transverse directrion) and 
(d) the aluminum-bearing alloy aged at 90(I"C. 
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and the temperature showing a maximum hardness level, 
50if'C, was not in accordance with that in the pure iron. 
As shown in Figure 7(a), the molybdenum-bearing alloy 
showed mostly transgranular fracture with nil ductility 
after aging at all the temperatures. As shown in Figure 6, 
changes in ultimate tensile strength with aging tem- 
perature are more complicated, relatively to those in the 
pure iron. Most of the tensile strength levels were much 
higher than those in the pure iron. Two troughs of ten- 
sile strength appeared at 550 and 700oC, and the tensile 
strength at 550~ 502 MPa, was the lowest in this alloy. 
The maximum tensile strength with 750 MPa was ob- 
tained at 600~ In the molybdenum-bearing alloy, the 
sulfur content at the grain boundaries prominently de- 
creased in comparison to that in the pure iron, as shown 
in Figure 8, but the segregation behaviors of carbon and 
nitrogen were similar to those in the pure iron. The 
changes at the grain boundaries of sulfur content with ag- 
ing temperature are generally consistent with those in 
tensile strength. That is, the grain boundary cohesion of 
the molybdenum-bearing alloy is directly influenced by 
the sulfur content at the grain boundaries. An intrinsic ef- 
fect of molybdenum at the grain boundaries on the grain 
boundary cohesion can be found from a comparison 
between Figures 6 and 8. The phosphorus content at the 
grain boundaries of the molybdenum-bearing alloy 
seems to be higher than that of the pure iron, but this 
may be attributed to the overlap between the molybde- 
num 120 and phosphorus 120 eV peaks. 

Figure 9 shows changes in hardness and ultimate ten- 
sile strength of the 3.37 wt.%Si alloy. The solid solution 
hardening effect of silicon was prominent in the alloy, 
as in other research [66], and, as a result, the hardness 
levels with the range 186 and 220 Hv were quite high, 

in comparison to that of the pure iron. The hardness de- 
creased with decreasing temperature, and the decreasing 
extent was not big. The ultimate tensile strengths were 
within the range 130 and 334 MPa, and were overally 
lower than those in the pure iron. Nonetheless, the frac- 
ture mode of the silicon-bearing alloy, as shown in Fig- 
ure 7(b), were mostly transgranular. This implies that, 
due to the relatively low cleavage fracture strength, the 
fracture in the silicon-bearing alley is governed by 
cleavage strength rather than by intergranular fracture 
strength. Cleavage facets of the fracture surfaces were re- 
latively fiat and exhibited "river" lines that are generally 
associated with the cleavage process [67, 68]. In as-roll- 
ed condition, the silicon-bearing alloy, however, showed 
a typical intergranular fracture. As shown in Figure 7(c), 
the fracture mode in the transverse direction was mostly 
intergranular. 

Surface analyses by AES were also performed on sam- 

Fig. 10. AES analyses of intergranular fracture facets of 
the 3.37 wt.%Si alloy. 

Fig. 9. Changes in hardness and ultimate tensile 
strength of the 3.37 wt.%Si alloy. Fig. 11. AES analyses of the 4.26 wt.%Si alloy. 
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Fig. 12. Mechanical properties of the aluminum-bearing 
alloy. Fig. 13. AES analyses of the aluminum-bearing alloy. 

pies machined from the tensile specimens of the 3.37 
wt.%Si alloy, and the result is shown in Figure 10. ~[lae 
sulfur content was considerably decreased by the silicon 
addition. Competitive grain boundary segreagation beha- 
viors between sulfur or silicon and carbon or nitrogen 
[21-29, 69] were also observed in the alloy. 

In order to investigate the effect of increased silicon 
in the matrix on the grain boundary segregation beha- 
viors of elements, an Fe-4.26 wt.%Si alloy with re- 
latively high content of silicon was additionally prepared 
in the present study. Figure 11 shows changes in grain 
boundary segregation content of elements. The increased 
silicon content in the matrix caused the strong repulsion 
of sulfur and nitrogen at the grain boundaries, in com- 
parison to that shown in Figure 10. After aging at 600 
and 700~ the carbon at the grain boundaries was ex- 
tremely high. The silicon contents at the grain boun- 
daries were not higher than those shown in Figure 10, 
and were insensitive to temperature. 

Figure 12 shows the mechanical properties of alu- 
minum-bearing alloy after aging at several temperatures. 
The solid solution hardening by aluminum was con- 
siderable, though the effect was not higher than that by 
silicon. The hardness did not nearly vary with aging tem- 
perature and was held at about Hv 140. The tensile 
strength also did not show a big difference with aging 
temperature and was in the range 451 and 536 MPa. 
The aluminum-bearing alloy showed intergranular frac- 
ture at all the temperatures, as shown in Figure 7(d). Sul- 
fur and nitrogen at the grain boundaries were, as shown 
in Figure 13, completely removed by the addition of alu- 
minum, and thus carbon and aluminum only were de- 
tected at the grain boundaries. The intergranular fracture 
strengths with no sulfur of the aluminum-bearing alloy 

were not high, in comparison to those with small 
amounts of sulfur of the pure iron, and were not largely 
influenced by the carbon content at the grain boundaries. 
This is due to the intrinsic embrittling effect of alu- 
minum segregated at the grain boundaries, which was 
suggested in the Seah's pair bonding theory [70] and 
was indirectly showed in a research [71]. 

5. D I S C U S S I O N  

5.1. Main embrittling impurities: S, P, Sb and Sn 
Before Auger electron spectroscopy was not available 

there was circumstantial evidence that sulfur caused 
grain boundary embrittlement in iron [72-74]. Auger ex- 
periments confirmed that sulfur is indeed a very com- 
mon and potent embrittler in iron [73, 75] and that even 
at bulk concentrations of 10 wt. ppm significant 
amounts of sulfur could be found at the grain boundaries 
[76-78]. Phosphorus has been known to be an embrittler 
from the early study of temper embrittlement [79]. 
However, it is a considerably less potent embrittler than 
sulfur [80, 81]. The intrinsic effect of sulfur on the grain 
boundaries has been confirmed through the present 
study of various alloy systems. 

Antimony and tin are much more powerful embrittling 
elements than phosphorus. However, they are only ef- 
fective in steels that contain several percent of nickel, 
which is believed to enhance the intergranular segre- 
gation of these elements by virtue of an attractive in- 
teraction between the nickel and the impurities in an 
iron matrix. This effect has been rationalized by the 
Guttmann regular-solution model [33, 82]. In the ab- 
sence of nickel, these elements do not cause temper em- 
brittlement even at a level of several hundred wt. ppm 
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[83]. Such elements were not found at the grain botm- 
daries of the present alloys with no nickel. 

5.2. Carbon effect on grain boundary cohesion 
Carbon strongly segregates to the grain boundaries of 

Fea [84], and interacts with many elements. In steels its 
behavior is extremely complicated since its con- 
centration, much larger than that of impurities, is well in 
excess of the solubility limit, and both the soluble and 
precipitated carbon are involved in the segregation and 
mechanical properties. Carbon can also play a syn- 
ergistic effect in the segregation process. Due to the 
very large M-C interaction, the already large in- 
tergranular concentration of carbon amplifies that of M, 
which in turn enhances those of impurities. It can be 
thought that the very deleterious effect induced by the as- 
sociation of nickel and chromium in temper-brittle steels 
may be due to an effect of this kind. However, the segre- 
gation of carbon decreases the intergranular brittleness 
of bcc iron by intrinsically increasing the cohesion of 
the grain boundary, and not by inhibiting the segre- 
gation of deleterious impurities [85, 86]. When the car- 
bon solubility limit is exceeded, embrittlement increases 
again in iron [86] as in steels [87], but it is then as- 
sociated with the purely mechanical role of the carbides 
in initiating fracture [73, 88, 89] or in increasing the 
hardness of the matrix [86]. 

Based o'n the present results, the carbon effect on the 
grain boundary cohesion can be different from that in 
the researches [85, 86]. The highest fracture strength lev- 
el of the pure iron corresponded to the lowest sulfur and 
highest carbon contents at the grain boundaries. There is, 
therefore, a possibility that the carbon has intrinsically 
strengthened the grain boundaries. However, the in- 
tergranular fracture strengths in the aluminum-bearing al- 
loy, where the sulfur has been completely repeled at the 
grain boundaires, have been lowered only by the alu- 
minum segregated, and were not largely influenced by 
the wide changes in carbon content of the grain boun- 
daries. As a result, the intrinsic carbon effect on in- 
tergranular cohesion is, if any, not big in the present al- 
loy systems. 

5.3. Embrittling effect of alloying elements: Mn, Ti, 
AI and Si 

Studies for intrinsic effect of alloying elements on 
grain boundary cohesion have been little performed. 
Floreen and Speich [71] observed that Fe-Ni-Co qua- 
ternary maraging steels containing Mn, Ti, A1 and Si 
showed intergranular brittleness and that high strength 

and high toughness were obtained in maraging steels 
containing Mo, Nb and Be. However, such mechanical 
behaviors in their alloys were not clearly understood. 

It was reproted in the work of Steven and Balajiva 
[90] that manganese was an embrittling element in low 
manganese alloys, and their work was later supported by 
other researches [2, 86]. Squire and Wilson [91] sug- 
gested that the brittleness suffered in an Fe-6Mn-12Ni al- 
loy was the result of segregation of manganese to the pri- 
or austenite grain boundaries. Alternatively, it was sug- 
gested that the effect of Mn was to increase the em- 
brittling effects of impurities due to the interaction 
between manganese and impurities in low alloy steels 
with low levels of impurities [92]. 

Heo and Lee [42, 93] have quantitatively investigated 
the brittleness in Fe-Mn-Ni precipitation hardening al- 
loys, and have concluded that the brittleness is due to 
the manganese segregated at the grain boundaries. Their 
conclusion is supported by the Heo's following research 
[43] based on a regular solution model, which has been 
theoretically performed in order to confirm the segre- 
gation behavior of manganese in the alloys. Heo has ad- 
ditionally reassessed the intergranular brittleness in an 
Fe-Ni-Ti precipitation hardening alloy [44]. His results 
show that the brittleness in the titanium-bearing alloy is 
caused by the titanium segregation and are not related to 
impurities. 

Effect of grain boundary segregation of Si on in- 
tergranular cohesion was little investigated except a few 
papers [9, 94] of secondary hardening steels, which sug- 
gested a possible role of Si on intergranular fracture 
behaviors. In spite of most cleavage fracture in the rol- 
ling direction of the present 3.37- and 4.26 wt.%Si al- 
loys, the intergranular fracture behaviors in the 
transverse direction and in the as-rolled condition prob- 
ably implies a detrimental role of silicon on the in- 
tergranular cohesion. 

On the other hand, fracture phenomena in Fe-Si alloys 
were interpreted in terms of the nucleation of mi- 
crocracks by the initial formation of deformation twins. 
Hull [95] observed that a coarse-grained 3.25% Si alloy 
twinned and fractured simultaneously when tested in ten- 
sion at 78 K. He considered that twinning nucleated 
cleavage and that the fracture stress was determined by 
the stress required to cause twinning. Hull [96, 97] and 
Honda [98] demonstrated that Fe-Si single crystals strain- 
ed in tension in the [001] direction at 78 K twinned and 
fractured concomitantly. The disposition of twins in bro- 
ken specimens suggested that the (001) cleavage cracks 
could have been initiated at the intersection of suitable 
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pairs of twins. 
Roles of aluminum on grain boundary segregation and 

hence on intergranular cohesion can be shown in Fig- 
ures 12 and 13. Some addition of aluminum to the pure 
iron resulted in no sulfur at the grain boundaries. How- 
ever, the overall intergranular fracture strength (about 
50() MPa) were rather lower than that corresponding to 
the minimum level of sulfur in the pure iron (630 MPa). 
This is due to an intrinsic role of aluminum, which may 
have had a detrimental effect on intergranutar cohesion. 

5.4. Strengthening elements: Mo, Nb and Be 
The beneficial effect of molybdenum has been well 

known in multicomponent systems. However, whether 
this has to do with an enhancement of carbon segre- 
gation by the strong carbide-forming element [3], or 
whether it is an intrinsic strengthening effect by the ele- 
ment, has not been clearly understood, because of little 
study of the molybdenum role in simple systems. The in- 
trinsic role of molybdenum can be shown in the present 
study of Fe-Mo alloy. When molybdenum is added to 
the pure iron, the sulfur content at the grain boundaries 
is overally lowered, as shown in Figure 8. However, the 
intergranular fracture strengths of the alloy (Figure 6) 
are higher in comparison to those at the grain boun- 
daries with similar contents of sulfur of the pure iron 
(Figure 3). 

Such a point of view of the intrinsic effect of 
molybdenum may be applied to the results of Fe-Ni-Co- 
X quaternary alloys [71]. Additionally, Seah's pair bond- 
ing theory [70], which suggests a general scheme of em- 
brittling and remedial elements in a matrix, can be a ref- 
erence for determining the intrinsic effect of elements in 
the matrix. 

6. C O N C L U S I O N S  

Grain boundary segregation and intergranular fracture 
in pure iron and ferrite containing molybdenum, silicon 
or aluminum have been investigated by using AES and 
tensile test. The results are summarized as follows: 

(1) Competitive segregation between sulfur and car- 
bon or nitrogen, which caused the decrease below 700"C 
of sulfur content at the grain boundaries, was observed 
in the pure iron. The intergranular brittleness was mainly 
caused by the sulfur segregated at the grain boundaries. 

(2) When molybdenum was added to the pure iron, 
the sulfur contents at the grain boundaries were lowered 
in comparison to those in the pure iron, and the overall 
fracture strength was considerably increased, relatively. 

This arises from the intrinsic effect of molybdenum on 
the grain boundaries as well as the decrease in sulfur 
content of the grain boundaries. 

(3) In the 3.37 wt.%Si alloy, silicon and carbon or ni- 
trogen competitively segregated to the grain boundaries, 
and such a competitive segregation was observed also 
between sulfur and carbon or nitrogen. The sulfur con- 
tent at the grain boundaries decreased with increasing sil- 
icon content. The fracture modes in the 3.37- and 4.26 
wt.%Si alloys were transgranular in the rolling direction, 
but were mostly intergranular in the transverse direction 
and in the as-rolled condition. The intergranular charac- 
teristic in the fracture behavior may be attributed to the 
detrimental effect of silicon as well as sulfur on the in- 
tergranular cohesion. 

(4) Carbon and aluminum bnly were found at the 
grain boundaries of the aluminum-bearing alloy. This 
suggests that aluminum is a strong repulser at the grain 
boundaries of sulfur. Also, it was found that aluminum 
has a detrimental effect on grain boundary strength of 
ferrite. 

APPENDIX 

The emitted Auger electrons are detected by an elec- 
tron spectrometer with transmission efficiency, T(Eh), 
and an electron detector of efficiency, D(Eb). For pure 
bulk i, the intensity I~o of Auger electrons is given by 

-- ,  (1 + r, .0)// '  z,.e (A1)  

where k equals T(Eb)D(Eba(Ep), o(Ep) is the cross sec- 
tion for excitation of electrons of the studied kind, Ep 
and Eh each are the primary beam energy and the bind- 
ing energy (i.e. Auger peak energy), ri, o(Ep, E~, Ix) is the 
backscattering factor of the pure element which is zero 
for X-ray photoelectron spectroscopy (XPS), Ix is the an- 
gle to the surface normal of the incident electron beam, 
Ii tj is the primary electron intensity and L,.e is the ef- 

fective escape depth of i (in monolayers) expressed by 

z, ,e -- z, cos 0 (A2) 

where X,, is the inelastic mean free path (IMFP) of i Aug- 
er electrons, u is the emission angle of detected elec- 
trons with respect to the surface normal of sample. 

Let us consider a bulk which is homogeneous, except 
the top surface (i.e. a monolayer randomly mixed with 
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different kinds of N elements). That is, the monolayer 
segregation approach is chosen to derive an expression 
for the determination of the surface composition. Mole 
fractions in the monolayer and in the homogeneous bulk 
consisting of N elements each are fx, Jr, fz, "", fv and fx.o, 
fi:o, fz.o, "" , f~..o. The Auger electron intensity of an ele- 
ment X is expressed by 

1 

ix =k!O 

Similarly, 
given by the following equation: 

0 - - Z  

+r'x~,,)fxxJ,~'exp(~f qdz. (A3) 

the Auger electron intensity of the matrix is 

[M=k!(1 +rM?I)1-- /~ ~ dz 

=k i ( l+r ,mr  ( -z  dz. (A4) 

Evaluations of the backscattering factor [46, 99-102] 
have been made by several authors by Monte Carlo cal- 
culations, and empirically by Reuter [103]. THe cal- 
culations are roughly in agreement for deep cores levels 
but Ruther's relation errs on the low side for core levels 
below 500eV. Shimizu and Ichimura's [46, 102] cal- 
culations are most complete: 

ri~ ~, = (2.34- 2.10Z ~ U-~.-~5=(2.58Z~ (5) 

(for a = 0  ~ 

where U is the over-voltage ratio of the primary energy 
to the binding energy (U=Ep/Eb), Z is the mole fraction 
weighted mean atomic number of a layer which is given 
by 

Z = ~ X j Z j .  (A6) 
J 

In the well-established electron probe microanalysis 
(EPMA) literature the backscattering factor for a com- 
pound or mixture is simply derived by the sum of the 
product of the weight fraction of each element times its 
backscattering factor [104]. However, lchimura and 
Shimizu merely use the mole fraction weighted mean Z 
value to determine the backscattering factor. The func- 
tional dependence of r and Z in practice makes both pro- 
cedures similar and, at present, the experimental data 
have not the precision to determine which is correct. 

The concentration dependence of the backscattering 
factor was usually neglected [1, 105, 106]. In a mul- 
ticomponent system, the Z and the backscattering factor 
r are expressed with the multicomponents, and this 
makes the quantification process difficult. Therefore, the 
backscattering factors in equations (A1), (A3) and (A4) 
are, for simplicity, approximated in quantitative AES as 
follows: 

r x.o =- rx.N = r'x A, (A7) 

Then, equations (A3) and (A4) reduce to equation (15) 
in the text. 
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