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Th e i nÛuence of di˜e ren t laser irradiati on ti mes on the structure of grey
cast iron w as studied . M �ossbauer spectroscopy and X -ray di˜raction were

used to characterise the changes caused by laser irradiati on. T he comp ositio n
of martensite and austenite as w ell as the creation of carbide phases during
quenching w ere studied. Mo delli ng of temp erature during laser irradiatio n
allow ed di˜erences in the inÛuence of di˜erent laser irradiati on typ es and

times to b e explaine d.

PAC S numb ers: 61.18.Fs , 61.10.{i, 61.80.Ba

1. I n t rod uct io n

La ser i rra diati on was used to modi fy the surface of steel [1{ 4], create al loys,
synthesi se new compounds, and parti al ly crysta ll ise am orphi c m ateri al [5{ 11]. It
can also be used to m odi fy an al loy by inserti ng materi al deposited on i ts surface.
In thi s case, i t is im porta nt to avoid evaporati ng the m ateri al whi le m elti ng the
surf ace layer [12].

Ma ny studi es have been devoted to the laser pro cessing of steels incl uding
studi es of im puri ty distri buti ons under di ˜erent laser trea tm ent condi ti ons [6]. The
essence of modiÙcati on is the satura ti on of steel wi th carb on and substi tuti onal
im puri ti es and the creati on of a disperse structure.

The modiÙcati on of the properti es of grey cast i ron (Fe{Si { C) using laser
and ul tra sound trea tm ent was studi ed in [13]. The tra nsform ati on (austeni ti sa-
ti on) of grey cast i ron by conventi onal tem pering wa s studi ed usi ng M �ossbauer
spectroscopy in [14]. Grey cast i ron, in whi ch carbon is in the form of graphi te
and the percentage of carb on is su£ cientl y large, is an interesti ng and favourabl e
m ateri al f or studyi ng the inÛuence of laser i rra dia ti on. Duri ng laser i rradi ati on,
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the carb on in the grey cast i ron does not evaporate and successful ly mixes wi th
the iron [15], unl ike when i ron is alloyed wi th carb on from the surf ace layer [5].

The structure of the al loys depends on a num ber of hom ogeneous and hetero -
geneous processes occurri ng whi le quenchi ng the mel t. Quenchi ng the m elt enables
the high- tem perature structure, whi ch is oversatura ted wi th im puri ti es and con-
sists of non-equi l ibri um phases, to be Ùxed.

The peculiari ti es of the inÛuence of di ˜erent typ es of laser i rra diati on (co n-
ti nuous scanned and pul sed laser i rra diati on) on these m ateri als have sti l l not been
adequatel y expl ored. Our exp eriments are intended to study the compositi on of
sam ples and the di stri buti on of impuri ties in the i ron la tti ce, whi ch are the con-
sequences of the intera cti on of laser i rra diati on wi th the sam ple surface. The task
of modell ing the vari ati on of tem perature wi th ti me in the sam ples is to i l lustra te
the inÛuence of di ˜erent laser trea tm ents.

2. T he ex per i m ent

2. 1. T he samples and laser i r radiation paramet ers

X- ray chemical analysis determ ined tha t there were 2.73 at. % of Si, 1 .02 at. %
of Mn, 0.3 at. % of Cr, and 14 at. % of carb on in the sam ples of grey cast i ron before
laser i rradi ati on. X- ray di ˜ra cti on and m icro scopic studi es revealed tha t the iron
wa s in the ferri te phase and tha t the carb on existed as graphi te inserti ons.

The sampl esof grey cast i ron for laser i rra diati on had an area of 5 0 È 3 0 mm 2

and a thi ckness of 10 m m. For conti nuous scanned irra di ati on, a CO2 laser wi th a
wa vel ength of Ñ = 1 0 : 6 ñ m and 800 W of power was used. For pul sed i rradi ati on,
a Nd 3 + YAl G laser wi th a wa vel ength of Ñ = 1 : 0 6 ñ m and pul se energy of 8 J
wa s used. Pul se dura ti on was 1.5 and 4 ms and the period 100 m s. For conti nuous
acti on, changes in laser scan vel ocit y al lowed laser trea tm ent ti m es of 53, 110,
and 875 m s to be obta ined. For al l cases, the diam eter of the beam ' s spot on the
sam ple's surf ace was ç 1 À 1.5 m m.

The tem perature of the surface and deeper layers duri ng the laser i rradi a-
ti on was evaluated num erically by solvi ng the heat conducti on equati on (Fi g. 1a
and b) [16]. La ser energy absorpti on by a sampl e's surface depends on the sur-
face condi ti ons. The absorpti on coe£ ci ent can vary wi thi n the l im its of 0.2{ 0.4.
Theref ore the energy to be absorbed by the surface wa s chosen so tha t the calcu-
lated temperature corresponded to the depth of the therm al ly a˜ected or m elted
layer, as determ ined usi ng an opti cal microscope, and a surf ace tem perature of
T S ¤ 2500À 3000 K, as m easured wi th a pyro meter. The absorbed energy density
used in the calcul ati on was ¤ 1 : 8 È 1 0 8 W mÀ 2 for the conti nuous acti on and
¤ 1 : 5 È 1 0 9 W m À 2 and ¤ 5 : 6 È 1 0 8 W mÀ 2 , respecti vely, for the 1.5 m s and 4 ms
dura ti on pul sed laser i rra diati on.

Al l the temperature calcul ati on data were m ade for pure i ron. It woul d be
di £ cul t to ta ke into account the graphi te di ssoluti on, carbon di stri buti on, and
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Fig. 1. T he data of temp erature modelli ng during laser irradiati on of the samples:

(a) pulsed, (b) continuous scanning irradiati on, and (c) dependences of the quenching

rate on temp erature. I n (a) and (b) solid line | the surf ace of the sample, dashed line

| the depth of 0.1 mm. T ime of laser irradia tion : 1 | 1.5 ms ; 2 | 4 ms; 3 | 53 ms;

4 | 110 ms; 5 | 875 ms.

carbi de form ati on. On the other hand, because the carbi de grains are smal l , thei r
inÛuence on therm al conducta nce is also smal l . For long i rra diati on ti m es, when
the am ount of carbi de is consi derabl e, the quenchi ng rate is l imi ted by the vel ocity
of the scan rather tha n by the pro perti es of the materi al .

Al tho ugh thi s tem perature calcul ati on is quali ta ti ve, i t al lows the inÛuence
of di ˜erent laser i rradi ati on to be compared. The quenchi ng rate dT =dt (Fi g. 1c)
wa s found to decrease wi th the increase in the laser i rradi ati on ti me.

2.2. X -ray di ˜ract ion studi es

The X- ray spectra , m easured wi th a D RON- 3 di ˜ra ctom eter at room tem -
perature, are shown in Fi g. 2. Cu K ˜ radi ati on was used. The X-ray di ˜ra cti on
data were used for qual i tati vely evaluati ng the compositi on of the sam ples and
the dim ensions of the gra ins from di˜erent pha ses. The determ inati on of the per-
centage of carb on c Û

c [at.%] in the austeni te wa s based on the change in the latti ce
constant [17]

a Û = 0 : 3 5 7 3 + 0 : 0 0 0 7 cÛ
c

; (1)

where a Û i s in nm . The inÛuence of substi tuti onal im puri ti es of Cr, Mn, and Si
on the latti ce constant was substa nti al ly less tha n tha t of carb on and theref ore i t
wa s ignored. The percentage of carb on in the m artensi te can be evaluated f rom
the tetra gonal i ty of the m artensi te latti ce [17, 18]

c= a = 1 + 0 : 0 0 9 6 c ˜ X
c

= 1 + 0 :0 0 9 6 c ˜
c

² ; (2)

where a and c are the consta nts of the martensi te' s tetra gonal latti ce, c ˜
c is the real

percentage of carb on in the m artensi te, and ² i s the param eter of the long-range
order di stri buti on of the carbon in the m artensi te. The percentage of carb on c ˜ X

c

determ ined f rom Eq. (2) depends on the parameter ² . The substi tuti onal impuri ti es
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Fig. 2. The X -ray di˜racti on spectra: (a) surf ace, time of laser irradiati on | 875 ms;

(b) surf ace, time of laser irradia tion | 4 ms.

(Cr, Mn, Si) a˜ect a and c equal ly, theref ore they do not impai r the accuracy of
the determ inati on of the percentage of carbon in the c= a ra ti o.

The dim ension of the gra ins from di˜erent phaseswas evaluated using Debye-
-Scherrer equati on [19]. The contri buti ons of the gra in size and interna l stra ins to
l ine broadening were di stinguished on the basis of the rati o of the peak areas for
the proper indi ces (h k l ) by the metho d presented in [19]. As regards the inaccuracy
of the data associated wi th the possible presence of texture, we can onl y state tha t
the gra ins were lesstha n 50 nm in size.

In the X-ray di ˜ra cti on spectra (Fi g. 2), an apparent di ˜erence is observed for
the conti nuous and pul sed laser i rra diati on of the m ateri al . The intensi ty and wi dth
of the peaks ˜ -Fe (110), (220), (211), (200) and Û-Fe (111), (200), (220), (311)
depend on the laser i rra diati on ti me. A decrease or increase in the angle di stance
between the X- ray lines indi cates tha t large nonuni form i ties in the percentages of
the impuri ties rem ained in the martensi te and austeni te after quenchi ng. It is m ore
di £ cul t to determ ine the phase structure on the basis of the areas of the X- ray
di ˜ra cti on l ines tha n on the basis of the M�ossbauer spectroscopy data because of
the need f or long-range order for X-ray di ˜ra cti on, the nonuni form distri buti on of
the im puri ties, and the small dim ensions of the gra ins.

2.3. M �ossbauer studies

The M�ossbauer spectra were m easured wi th a constant accelerati on spec-
tro m eter usi ng a 5 7 Co source in the Pd m atri x. The sam ple surf ace trea ted by
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laser i rra diati on was abra ded and powder from the depth desired wa s used to
prepa re sam ples for M�ossbauer studi es. The sam ples were abraded in kerosene to
prevent heati ng and possibl e changesin physi cal -chem ical properti es. The sampl es
were col lected f rom the surf ace and a depth of 0.1 m m. The e˜ecti ve thi ckness of
the M�ossbauer sam ples wa s 20 m g cm À 2 of i ron. The spectra were measured at
room tem perature. The num ber of impulses for the spectrum point was ¤ 1 0 6 .

Fig. 3. M�ossbauer spectra of the samples: (a) the surf ace, time of laser irradiati on |

1. 5 ms; (b) the depth | 0.1 mm, time of laser irradiati on | 1.5 ms; (c) the surf ace, time

of laser irradiation | 875 ms; (d) the depth of 0.1 mm, time of laser irradiati on | 875 ms

and (e) the primary sample, (f ) w eighted di˜erence of the spectra of samples c and e

(exclusio n of martensite fraction). Subsp ectra: I{I I I | martensite; IV | iron{carb on

clusters; V {V I | austenite, V I I | carbide ˚ -Fe3 C ; V II I{X | carbide â - Fe5 C 2 , X I{X II I

| carbide " -Fe2 : 4 C .

The quanti ta ti ve spectra analysis was carri ed out by Ùtti ng the experim en-
ta l spectra (Fi g. 3) to the subspectra of di ˜erent phases. The determ inati on of
the iron phase structure was based on the areas of the subspectra (cf . Fi gs. 4{ 6).
The parameters for the descripti on of the M�ossbauer spectra were ta ken f rom
R efs. [5, 20]. For the descripti on of austeni te, the single peak and quadrup ole dou-
bl et corresp ondi ng to the 0 and 1 carb on ato m s in the Ùrst coordi nati on sphere
(I cs) were used. For martensi te, three sextets were appl ied tha t incl uded two iron
ato m coordi nati on spheres wi th an (0,0), (1,0), (0 ,1) arrangement of the substi tu-
ti onal and intersti ti al impuri t y ato m s in the I and I I cs (I{ I I I subspectra in T able).
Ca rbon ato ms in I cs reduce the e˜ecti ve magneti c Ùeld on the nucl eus of i ron,
H e˜ , by 3 T. Si, Cr, Mn impuri t y ato m s reduce i t by ¤ 2 : 7 T [21]. We assumed
tha t the hyp erÙne spli tti ng of the spectra was the same for al l impuri t y ato ms
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T A BLE

H yp erÙne Ùelds of M�ossbauer subspectra. T he subspectra I{I I I cor-
respond to martensite, IV to iron{carb on clusters, V I I to cementite,
V II I {X to â -Fe5C 2 and X I {X I I I are subspectra of " -Fe2 : 4 C carbide.

Subsp ectrum I I I I I I IV V II V II I {X X I {X I I I

18.4 17.0

H e ˜ [T ] 33.4 32.2 30.5 27{2 9 20.8 22.2 23.7

11.0 13.0

in the I cs. Ca rbon and substi tuti onal atom s in the II cs shift H e˜ by 1.2 T. As-
suming tha t the distri buti ons of both substi tuti onal and intersti ti al im puri ti esare
independent, the probabi l i ti es of the surro undi ngs of i ron may be wri tten as [13]

P Fe(0 ; 0 ) = P M
S (0 ; 0 ) È P M

C ( 0; 0) ; (3a)

P Fe(1 ; 0 ) = P M
S (1 ; 0 ) + P M

C ( 1; 0) ; (3b)

P Fe(0 ; 1 ) = P M
S (0 ; 1 ) + P M

C ( 0; 1) ; (3c)

where P M
S and P M

C are the pro babi l i ti es for a substi tuti onal im puri ty and for carb on
ato m s, respect ively.

Substi tuti onal and carbon ato m sincrease the e˜ecti ve m agneti c Ùeld H e˜ (0 ,0)
when there are no im puri ti es in the two coordi nati on spheres [21, 22]. The shifts
induced by the substi tuti onal im puri ti es and the carbon are, respecti vely :

Â H
À

0 ; 0 ; c ˜
p

Â
¤ 0 : 1 c ˜

p
(4)

Â H ( 0 ; 0 ; c ˜
c

) ¤ H e˜ ( Fe) È 0 : 0 0 3 9 c ˜
c

; (5)

where the m agneti c Ùeld is expressed in Tesla (T), c ˜
p

i s the percenta ge of substi -
tuti onal impuri ti es,c ˜

p
i s the carbon percentage in m artensi te, and H e˜ (F e) is the

value of the e˜ecti ve m agneti c Ùeld for pure i ron.
In the analysis of the M�ossbauer spectra, tho sepha seswi th a largepercentage

of carb on were described using sextets wi th the characteri stic hyp erÙne m agneti c
Ùelds. For the descripti on of the cementi te (F e3 C), the hyp erÙne magneti c Ùeld of
the sextet wa s 20.8 T. For other carbi de " -Fe2 :4 C, â -Fe5 C2 phases, the m agneti c
Ùelds were wi thi n the interv als of 17{ 19 T, 22{ 23 T, and 11{ 13 T [23{ 26] tha t
corresponded to di ˜erent characteri sti c sites (T abl e). The one m ore phase wi th a
larger content of carb on and of i ron{ carbon clusters [27] was addi ti onal ly incl uded
in the analysis of the M�ossbauer spectra by the sextet wi th a hyp erÙne m agneti c
Ùeld wi thi n 26{ 28 T.

3. R esu l t s of t h e exp er im ent an d di scu ssio n

3.1. Austeni t e

W e studi ed the decay of hi gh tem perature Û -Fe{C soluti on (austeni te) duri ng
quenchi ng. The m ain point for the hardeni ng of Fe{ C system s is the satura ti on of
Û -Fe wi th carbon and the creati on of m artensi te.
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R etained austeni te is a part of the hi gh tem perature Û-Fe soluti on tha t does
not tra nsform duri ng quenchi ng to m artensi te and carbi des. Thi s pro cess depends
on the rate of quenchi ng. At a su£ cientl y high quenchi ng rate, the concentra ti on
of carb on in high tem perature austeni te is reÛected in reta ined austeni te. A large
am ount of dissolved carbon stabi l izes austeni te, i.e., i t prevents i ts tra nsform a-
ti on into martensi te. The percentage of di ssolved carbon (the solubi l i ty l im it is
10.5 at. % [28]) indi cates whether the tem perature is su£ cientl y high and whether
i rra diati on ti m e is su£ cient to di ssolve the graphi te and m ix the carbon wi th the
i ron.

Fig. 4. T he dependence of parameters of retained austenite on time: (a) the amount in

the samples; 1 | the surf ace; 2 | the depth, 0.1 mm; (b) percentage of carb on if carb on

distribu tion is: 1 | random; 2 | repulsi ve; 3 | from X -ray data (f rom the change in

the lattice constant).

The percentage of reta ined austeni te depends on the laser i rra diati on ti me §

(Fi g. 4). It is supposed tha t the am ount of reta ined austeni te in the zone a˜ected
by the laser i rra diati on is determ ined by two major processes, the satura ti on of
the melt wi th carb on and the decay of austeni te duri ng quenchi ng. In the case
of conti nuous i rra diati on, the amount of reta ined austeni te is l imited mainly by
the decay of austeni te into di ˜erent carbi des. On the contra ry , in the case of
pul sed i rradi ati on, the dissoluti on of the graphi te and the satura ti on of the m elt
wi th carb on are the most importa nt f actors. Theref ore, the percentage of reta ined
austeni te is lessfor the 1.5 ms pul se dura ti on tha n for the 4 m s dura ti on.

In the layer from a depth of 0.1 m m, the tem perature is lower compared to
tha t of the surface (Fi g. 1a and b). Theref ore the satura ti on of the m ateri al wi th
carbon is slower. In spi te of thi s, f or a laser i rradi ati on ti m e of 875 m s, the amount
of reta ined austeni te on the surface and in the layer from a depth of 0.1 m m is
nearl y identi cal . It can be expl ained by the creati on of a smal ler am ount of carbi des
in the deeper layer.

The carbon percentage, c Û
c , in reta ined austeni te may be evaluated accordi ng

to the change in the latti ce constant (1) and in two ways from the M�ossbauer
spectra. For the random distri buti on of carbon, the rel ati ve area of the sing let
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is S A = P (0 ) = (1 À cÛ
c

)6 , where P (0 ) is the probabi l i ty of i ron ato m s tha t
have no carbon ato ms in the I cs. For the di stri buti on of the repul sive typ e, i t is
S A = P (0 ) = 1 À 6 cÛ

c [28].
In the case of random carb on distri buti on, the pro babi l ity , corresp ondi ng to

the solubi l i ty l im i t, of Ùndi ng no carb on ato ms in the I cs is P (0 ) = 0 : 5 1 . The
exp erimenta l P (0 ) values are wi thi n 0.42{ 0.63, whi ch means tha t the carbon per-
centage can exceed the solubi l i ty l imi t. In R efs. [28, 29], a repul sive typ e of carb on
di stri buti on wa s conÙrm ed by m eans of M�ossbauer spectroscopy . W hen quenchi ng
rates are high, the rando m di stri buti on can pro babl y be f rozen. The values of c Û

c

found by di ˜erent m ethods are indi cated in Fi g. 4b. The best coincidence is ob-
served between the cÛ

c values based on the X- ray di ˜ra cti on data for the changesin
the latti ce constant (Eq. (1)) and the repul sive model for the carbon distri buti on.
It has been seen tha t i f the percentage cÛ

c
i s above 5 at. %, an Fe8 C typ e structure

is form ed [28]. For the conti nuous scanned i rra diati on, the percenta ge of carb on
in austeni te tended to decrease wi th the increase in the i rra diati on ti m e.

3.2. Mar t ensite

The m echanical , magneti c, and electri c m acroscopic properti es of the al loy
m ainly depend on the structure of m artensi te, or ra ther on a conglom erate of
m artensi te and carbi des. The variati on in the amount of m artensi te in the al loy
wi th the ti me is shown in Fi g. 5. The param eter of the martensi te latti ce accordi ng
to the X-ray di ˜ra cti on data is close to 0.286 nm and the tetra gonal i ty factor c= a

i s about 1.007{ 1.018. Thi s indi cates tha t the m artensi te latti ce in the sampl es
is close to cubi c. The percentage c ˜ X

c
accordi ng to Eq. (2) is 1{ 2 at.% . It is

the real carbon percentage i f the f actor of the long-range order is ² = 1 . The
long-range order can decrease as martensi te gets older due to the di ˜usi on of

Fig. 5. T he dependence of the amount of martensite on time: 1 | the surf ace, 2 |

the depth, 0.1 mm.
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carbon ato m s between di ˜erent subl atti ces. The tetra gonal i ty can also decrease
due to anneal ing e˜ects when scanni ng the neighbouri ng area wi th a laser. The
carbon percentage from the M�ossbauer data c ˜ M

c and substi tuti onal impuri ti es
percentage c ˜

p can also be evaluated on the basis of Eqs. (3a, b) using the least
square m etho d. The values c ˜ M

c and c ˜
p are found at the mini mum of the sum of

the squares of the di ˜erence between the exp erimenta l and theoreti cal probabi l i ti es
P Fe(0 ,0) and P F e( 1; 0). Because the m agneti c Ùeld shifts induced by Si , Cr, and Mn
are simi lar, onl y the general percenta ge of substi tuti onal impuri ti es in martensi te
can be found. The percenta ge of substi tuti onal impuri ti es c ˜

p evaluated on the
basis of X- ray chemical analysis is 4.1 at. %. Af ter laser i rradi ati on, c ˜

p found f rom
M�ossbauer data is 2.9{ 3.8 at.%. Sampl esa˜ected by laser i rradi ati on have a rather
large percentage of carbi de in the al loy. Cr and Mn, whi ch have a greater a£ ni ty
for carb on tha n i ron, can m ove from martensi te to carbi des. Mo reover, Si stabi l izes
" carbi de, and theref ore the percentage of Si can decrease in m artensi te.

The carb on percentage, evaluated on the basis of the M�ossbauer data , c ˜ M
c

i s 2.7{ 3.2 at. %. An independent evaluati on of c ˜ M
c

and c ˜ X
c

enabl es the long-range
order param eter ² = c ˜ X

c
=c ˜ M

c
= 0 : 2 À 0.6 to be found. W hat are the reasons for

the di screpancy in c ˜ X
c

and c ˜ M
c

? In addi ti on to the aging and anneal ing e˜ects in
m artensi te, therm odyna m ic peculiari ti esof the carbon distri buti on exi st. Ato m s of
carbon in martensi te m ay occupy one of three possible octahedra l intersti ces [18].
The reason for the tetra gonal ity of the latti ce is tha t carb on ato ms are mostl y
in the sam e octahedra l subl atti ce. W hen only one subl atti ce is occupi ed, the di s-
tri buti on can be considered ful ly ordered ( ² = 1 ). Thi s distri buti on occurs when
interg ranul ar stress energy is m inimal . Inner therm odyna m ic equi libri um is not
achi eved due to the two empty subl atti ces but can be reached when carb on is di s-
tri buted among al l the subl atti ces. A minimum of interg ranul ar energy is achi eved
when the vo lum e is Ùlled wi th di sperse phases of smal l -dim ensioned i ron{ carbon
cl usters or carbi des. If carbon is random ly distri buted between the intersti ces, the
m artensi te has a cubi c sym m etry . Thi s state is observed after the al loyi ng carb on
wi th the ˜ -Fe [5].

3.3. Carbides

The results of X- ray di ˜ra cti on (Fi g. 2) indi cate tha t some carb on-rich pha ses
of " -Fe2 :4 C, â -Fe5 C2 , and ˚ -Fe3 C carbi des [23{ 26] do exi st. On the other hand,
the rem aining ferrom agneti c part of the M�ossbauer spectra , after excludi ng the
m artensi te (Fi g . 3f ), m ay be attri buted mainl y to cementi te ˚ -Fe3 C but, since thi s
part of the M�ossbauer spectra is broad and the di ˜erent carbi de subspectra l ines
(T able) overl ap, i t does not contra dict the existence of the " -Fe2 : 4 C and â -Fe5 C2

carbi des.
In the sam ples, carbi des exi st in the f orm of the di sperse incl usions. Since

the crysta l l ine structure is compl icated, the long-range order can be easily broken.
Theref ore a long i rra diati on ti m e is needed for the creati on of the ordered large
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gra in carbi de structure. The X- ray di ˜ra cti on studi es conÙrm the presum pti on of
a di spersed structure. For a short i rra diati on ti m e, the peaks in the X-ray spectra
are broadened and thei r intensi ti es are lower. The m ajor carbi de phase, cementi te
( ˚ -Fe3 C), is expl icitl y seen in the X- ray di ˜ra cti on as well as in the M�ossbauer
spectra. Attenti on shoul d be paid to the tem perature condi ti ons duri ng the cre-
ati on of the carbi de phases in the sampl es. The high- tem perature ˚ -Fe3 C phase
is form ed mainly in the melt and the other carbi de phases can f orm onl y duri ng
quenchi ng at lower tem peratures (Fi g. 1c). The " -Fe2 : 4 C carbi des are unsta ble but
can decay e£ cientl y at above 600 K [30] to â -Fe5 C2 carbi de due to tempering
when the laser beam scans para l lel ly thro ugh the neighb ouri ng area. The peaks
of â -Fe5 C2 are clearl y seen in the X- ray spectra for the sampl es a˜ected by long
i rra diati on ti m e (Fi g. 2a).

The M�ossbauer subspectr a for " and â carbi des (T abl e) are hardl y disti n-
gui shabl e due to thei r low intensi ty and close avera ge hyp erÙne magneti c Ùelds.
For " carbi de, the avera ge hyp erÙne magneti c Ùeld is H = 1 8 T and, for â carbi de,

H = 1 8 : 5 T. The average hyp erÙne m agneti c Ùelds are used for disti ngui shing "

and â carbi des from cementi te and m easuri ng thei r am ounts. The percentage of "

and â carbi des increases as the laser i rra diati on ti m e increasesand the mel t af ter
crysta l l isati on rem ains longer wi thi n the tem perature range for the form ati on of "

and â carbi des (Fi g. 6). For § ç 5 3 ms, the percentage of al l, "; â , and ˚ , carbi des
is wi thi n the l imits of 10{ 20% and for § > 5 3 ms, thei r percenta ge increases up to
35% (Fi g. 6).

Fig. 6. The dep endence of the amount of carbides in the surf ace on time: 1 | the

amount of all carbides; 2 | the amount of " and â carbides.

The other carb on-rich phase tha t corresp onds to the H e˜ = 27À 28 T sub-
spectrum is i ron{ carbon clusters or carbon mul ti plets [27]. In i ron À carbon clus-
ters, i ron atom s, whi ch are in a disordered ˜ -Fe latti ce, ha ve two carbon ato m s in
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the I cs. As the inserti on of carbon ato m s creates tensions, m ore favourabl e posi-
ti ons for i ron{ carbon cl usters are defects such as dislocati ons. A probabl e place for
them is the bounda ry regions between the grains [13]. The percentage of clusters
wa s 3{ 7%.

4. Co n cl usion s

The appl icati on of di ˜erent laser trea tm ent typ es and ti m es al lowed the
phase com positi on in the surface of grey cast i ron to be al tered. An increase in
the laser i rra diati on ti m e caused an increase in the am ounts of the phases wi th a
larger percentage of carb on. The calcul ati on of the carb on content in the pha ses
showed tha t, for the largest ti m e of 875 m s, alm ost al l the graphi te was dissolved
in the surface and was found in the i ron phases.

In R ef. [13] addi ti onal appl icati on of ul tra sound trea tm ent duri ng laser i r-
radi ati on showed tha t ul tra sound inÛuences carbon distri buti on and stim ulates
austeni te decay and the tra nsform ati on to i ron{ carb on cl usters. In thi s study , an
increase in the ti me of the appl ied laser trea tm ent caused the decay of the austen-
i te and the creati on of " and â carbi des. Thi s can be expl ained by the increase in
the quenchi ng ti me. The resul ts of tem perature m odel l ing al lowed the quenchi ng
rate of 1 0 3

À 1 0 5 K sÀ 1 , whi ch depended on the scanni ng veloci ty of the laser beam,
to be evaluated.

M�ossbauer spectroscopy and X- ray di ˜ra cti on allowed the phase compositi on
to be identi Ùed and enabled the percenta ge and the typ e of impuri t y distri buti on
in the phases to be evaluated. The decrease in the tetra gonal i ty of the martensi te
from the value tha t woul d corresp ond to the perf ect long-range order ( ² = 1 ) was
observed for al l the laser i rra diati on ti m es. The best coinci dence of M�ossbauer
spectroscopy and X- ray di ˜ra cti on results provi ded evi dence tha t the carbon di s-
tri buti on in the austeni te was repul sive. The m artensi te had 2.7{ 3.2 at. % of carb on
and the austeni te 6{ 10 at. % of carbon.
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