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Quantitative phase analysis of metastable structure
in a laser melted Fe-C alloy

Part Il Structural analysis of overlapping tracks by X-ray
diffraction
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Praha 8, Czech Republic

Quantitative X-ray diffraction phase analysis was utilized to investigate the structure of

a Fe-3.5 wt% C alloy after laser melting. The measurements were taken on surfaces
modified by a series of equidistant laser tracks with overlappings k = 0.25, 0.50 and 0.75, and
the results were extrapolated to the non-interfering tracks. On the same samples, the
microstructure was observed by scanning electron microscopy. The structure of the rapidly
solidified surface layers consists of «-Fe (ferrite and martensite), y-Fe (retained austenite) and
cementite. The results of X-ray diffraction point to a very high amount of carbide indicating
a non-stoichiometric composition of cementite. Besides, the volume fraction of «-Fe
increases with increasing coefficient of overlapping k. At the same time, the volume fraction
of cementite decreases while the content of y-Fe remains nearly constant. The changes are
attributed to decomposition of the metastable carbide due to tempering of the former tracks

by the following laser passes. This thermal effect was quantified on the base of the
heat-transfer model of moving Gaussian beam.

1. Introduction

It is evident that the attractive properties of laser
treated materials, e.g. enhanced hardness, improved
wear and corrosion resistance, result from specific
structures formed in the surface layers during laser
irradiation. As a consequence of extreme heating and
cooling rates highly refined structures, high solid
supersaturations, metastable phases, new microstruc-
tures (such as banding phenomena [1]) etc. can occur.
In order to understand the non-equilibrium processes
which can take place in the laser treated as well as
other rapidly quenched materials, it is highly desirable
to have a detailed quantitative characterization of the
resulting structures.

The aim of this paper is to describe the method and
results of a quantitative X-ray diffraction phase analy-
sis applied to a laser melted Fe-3.5wt% C alloy.
X-ray diffraction has been sporadically used to ana-
lyse individual as well as superimposed laser tracks.
However, the method has been used mostly to
measure residual stresses [2—8] or to perform a quali-
tative identification of the structural components [3,
9-11]. Quantitative X-ray diffraction phase analysis

of the laser treated surface layers is a rather complic-
ated task requiring measurements of integral inten-
sities of individual diffraction lines, or more frequently
of groups of lines, with a precision as high as possible.

Test diffraction patterns on single laser tracks of the
breadth of several tenths of mm produced diffraction
lines of some components of a very clear spotty
character* so that this procedure could not be used for
reliable intensity measurements. Another combination
appeared more promising, i.e. to analyse a series of
parallel overlapping laser tracks representing an area
of practically arbitrary dimensions according to the
parameters of the programmed movement of the laser
beam across the sample. In this way diffraction lines of
good quality for intensity measurements may be ob-
tained. The procedure offers furthermore the oppor-
tunity to use a different extent of overlapping between
successive laser passes and to estimate the heat effect
of adjacent passes on the preceding ones. An extra-
polation may lead to a phase composition of non-
interfering individual tracks.

The analytical procedure applied in this study
presents as the final result the quantitative structural

*Smooth, continuous diffraction lines may convert into discrete diffraction spots from individual diffracting particles (crystallites). It is
a consequence of having too small a number of diffracting particles in the volume irradiated by X-rays. The phenomenon of spottiness of
diffraction lines occurs usually in the case of substances with large particles ( > 10~2 mm), lower crystalline symmetry, i.e. small multiplicity
factor of reflecting planes, high absorption and with immobile samples during the exposure.
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composition of an extended laser melted surface which
is certainly more representative of treatments in prac-
tical applications. Moreover, the extrapolation data
allow for correlation of the X-ray diffraction results
with the metallurgical investigations of individual
tracks as described in Part I of this paper.

2. Experimental techniques

Details concerning the starting material (pure
Fe-3.5 wt% C alloy) and the laser irradiation experi-
ments were given in Part I where single melted tracks
were treated. In this part we shall concentrate on
superimposed tracks. The laser beam moved over the
specimen surface at speeds v = 8.5 and 17 cms™! (at
higher scanning speeds the original structure was not
completely melted; at v = 4 cms ™! the sample surface
was too rough for X-ray measurements) and the tracks
overlapped by 0.25, 0.50 and 0.75 of the melt-zone
width. A detailed structural investigation was per-
formed by X-ray diffraction measurements and sup-
plemented with observations by scanning electron
microscopy (SEM).

The X-ray diffraction patterns were obtained in
a semi-focusing Bragg—Brentano camera of diameter
114 mm. Radiation FeK, was monochromated by
a bent quartz crystal with Johannsson geometry. The
radius of the focal circle was 250 mm and the reflec-
tion 011 (0111) was utilized with diffraction angle
9o = 16.8°. The angle of incidence of the primary
beam to the specimen surface was o = 40°. The diff-
racting area on the sample surface was approximately
3% 1.5 mm? and the exposures were 40 to 120 h. Both
stationary and rotating samples were exposed. Diff-
raction patterns of the stationary samples indicated
the extent of texture and in some cases also spotty
lines. The rotation of samples eliminated the spotti-
ness of the diffraction lines and suppressed the influ-
ence of texture.

The SEM observations were made on nital etched
cross-sections of the overlapping tracks. In addition,
specimen surfaces were observed in detail after slight
grinding, polishing and etching,

3. Quantitative X-ray diffraction phase
analysis

The recorded diffraction lines could be indexed as
ferrite, austenite and cementite. No other phases were
identified. In spite of the fact that only three phases
were present in the investigated layers, the diffraction
patterns contained a great number of diffraction lines,
many of them overlapping. Nevertheless, it was pos-
sible to select eleven mutually separated groups of
overlapping lines in the angle range 20-80°. These
eleven compound lines contained all four reflections of
ferrite, all five reflections of austenite, and many reflec-
tions of cementite. Cementite gives theoretically with
the radiation Fe as much as 130 reflections. The first
eight of them with the diffraction angle § < 20° were
screened by the specimen. The intensities of many
others were very low so that altogether 43 diffraction
lines of cementite could be taken into account.
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Quantitative X-ray diffraction phase analysis is
based on the relation, see e.g. [12—-14]:

Ii; = L®, B, (1)

where L is a constant which is the same for all phases
in the sample and for all reflections in the diffraction
pattern, @ is the volume fraction of the ith phase, I} is
the integral intensity of the jth reflection of the ith
phase and B;; is the corresponding intensity factor.
The relation for Bj; follows from the well known
relation for the integral intensity of X-ray diffraction
of polycrystalline materials, see e.g. [12, 13].

In Table I calculated diffraction angles 3 and inten-
sity factors B for selected reflections of the identified
phases are summarized. The input data were: the
wavelength of the iron radiation Ax, = 0.193597 nm;
the lattice parameter of ferrite a = 0.28663 nm; the
lattice parameter of austenite a = 0.36467 nm; the lat-
tice parameters of cementite a = 0.45230nm,
b = 0.50890 nm and ¢ = 0.67428 nm [15]. Using these
values, the theoretical densities of ferrite (7.88 gem ™),
austenite (7.65 gem™?) and cementite (7.68 gem ™)
were estimated. For the average density of the samples
a value of 7.79 gcm ™ * was obtained. The presence of
the carbon atoms in ferrite and austenite was neglect-
ed in the calculations. Similarly the linear absorption
coefficient u =5502c¢cm™* was calculated under
the assumption that only cementite and pure a-Fe
were present in the samples. In contrast to the
Bragg—Brentano goniometer, the absorption factor
A for the Bragg-Brentano semi-focusing camera is
angular dependent. This fact was respected also in the
calculations of the intensity factors and the following
relation [16] was used

1 sin(28 — o)

T usin29 — ) + sina @)

where 9 is the diffraction angle of the chosen line and
o is the angle of incidence of the primary beam on the
surface of the sample. It is apparent that the angular
dependent part of the absorption factor can be easily
separated and included in the intensity factors. The
linear absorption coefficient p of the sample can be
included in the common constant L. The intensity
factors given in Table I were calculated according to
the relation:

n|FijI2 1
(I/ic)z SinzsijCOSSij
sin(29;; — a)
sin(29,; — o) + sina
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1 + cos?29,

7
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(3)

where suffixes i, j refer to the phase and to the reflec-
tion, respectively, n is the multiplicity factor, F is the
structure factor (non-corrected for the temperature
factor), V¢ is the volume of the elementary cell of the
ith phase. If several reflections of the same phase
contribute to the integral intensity of a compound
line, the sum of the intensity factors Bj; is taken as the
intensity factor B;;. As seen from Table 1, this was the
case for the reflections of cementite. This procedure is
justified by the direct proportion in the Relation 1.
Any additional corrections [17] of B;; were not done.



TABLE I Calculated parameters of selected reflections of the analysed phases

Compound Phase hkl 3¢) B, B,
line (arb. units) (arb. units)
1 ferrite 110 28.529 25.8725 25.8725
austenite 111 27.372 16.6645 16.6645
cementite 121 27.354 2.2262 13.6632
” 210 27.930 2.1944 ”
” 022 28.464 2.2173 ”
i 103 28.745 4.6255 ”
” 211 29.334 2.3998 ?
2 austenite 200 32,065 10.6576 10.6576
cementite 202 31.025 0.0652 5.8965
? 113 31.142 1.6759 ”
? 122 31.497 3.0073 ?
” 212 33.325 1.1481 ?
3 cementite 130 37.550 1.1408 1.1805
” 123 37.821 0.0397 ”
4 ferrite 200 42.487 6.9512 6.9512
cementite 301 41.140 0.0121 0.6051
» 132 42.353 0.0323 ”
” 311 43.223 0.1986 ?
? 024 43.536 0.3621 ?
5 austenite 220 48.658 10.8456 10.8456
cementite 133 48.268 0.0602 0.2691
” 320 48.270 0.0101 ?
” 105 48.505 0.1988 ”
6 cementite 140 52.220 1.8733 6.0003
” 313 52.765 2.3764 ?
” 322 53.093 0.0155 ”
” 141 53.447 0.3690 ”
? 224 54.191 0.1542 ?
? 025 54.328 1.0073 ?
? 042 54.411 0.2046 ?
7 ferrite 211 55.814 21.2310 21.2310
cementite 233 56.434 2.9686 5.0172
” 134 56.862 0.1153 ?
” 125 57.149 1.8257 ”
” 142 57.236 0.1076 ?
8 cementite 400 58.877 0.3755 5.6920
” 215 58.992 1.7433 ?
” 330 59.202 2.3554 ?
? 006 59.468 1.2178 ?
9 austenite 311 61.687 20.8734 20.8734
cementite 331 60.562 0.4086 5.4925
» 043 60.960 2.3716 ”
” 410 61.275 1.2077 ”
” 314 61.900 0.7587 ?
” 411 62.699 0.7459 ?
10 austenite 222 66.855 7.7604 7.7604
cementite 234 66.311 0.2032 1.7478
” 225 66.669 0.8810 ?
” 242 66.778 0.2674 ”
? 412 67.330 0.3962 ”
11 ferrite 220 72.784 15.2812 15.2812
cementite 044 72.406 0.0724 0.0724

The measured intensities I; (j = 1,2, ... ,m) of the
selected compound lines represent the right hand sides
in the system of equations, see e.g. [18, 19]

Bleq)l + szLq)z + B3jL(I)3 = IJ

= L2,...,m 4)

quantities j and m respectively, are now index and
number of the actual considered compound lines in
the calculations.

The volume fraction of the ith phase, ®;, can be
easily estimated from the relation:

L,

(Di =
L®, + LD, + LO,

i = 1,2,3) (5
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provided that the Equation system 4 for the unknown
L®, has been solved.

If the number m of the compound lines or equations
in 4 is higher than the number of phases, the System
4 is overestimated and can be transformed by well
known algebraic methods into a system (see e.g. [18]).

m m
Lw, Y. Bij + Lwy Y, By;By;
=1 i=1

J

+ LW3 z B1jB3j=
j=1

J

m
I;By;,
i=1

J

LW1 Z BljBZj + LWZ z B%J

j=1 ji=1

+ Lwy Z B,;B;; = Z I;By;, (6)
=1

i j=1

J

LW1 Z B1JB3J' + LW2
ji=1

m
B,;B;;
=1

+ LW3 Z B§]= Z IjB3j
j=1 j=1

J 1=

for the unknown L®;.

4. Experimental results
4.1. X-ray diffraction
Distinct diffraction lines of ferrite were well visible on
the diffraction patterns and corresponding photo-
meter records. The lines of austenite were weaker.
The ferrite and austenite lines were surrounded by
numerous diffraction lines of cementite. On the other
hand, diffraction lines of martensite were not found
though martensite needles are clearly discernible in
the SEM and TEM micrographs (see Figs 3c and 4a in
Part I). A similar case was described in [20]. The
search for e-carbide [21] and hexagonal e-phase
[22--25] also failed even though at least four diffrac-
tion patterns were analysed for each scanning speed
and coefficient of overlapping.

Table II summarizes measured integral intensities
I of the eleven selected compound lines from the best
series of the diffraction patterns. The input data for the
values given in Table 1T were tested by preliminary
computations taking various combinations of the

diffraction lines. First of all it was found that the
intensity of the diffraction lines with small diffraction
angles (the first, second and third lines) was evidently
influenced by the surface roughness. For this reason
we tried to take diffraction patterns also from samples
with slightly ground and polished surfaces. However,
the quality of the lines with low § did not improve so
that these lines were excluded from further processing.
Moreover, the 3rd line (reflections 130 and 123 of
cementite) was more appreciably influenced by tex-
ture. The 6th and 7th lines had to be omitted as well
because their separation and consequently the estima-
tion of the background was rather questionable. Sim-
ilarly the 11th line was not taken into account because
it was very broad and weak. When using the described
method of phase analysis working with compound
diffraction lines, it is further to be recommended not to
choose compound lines with very different diffraction
angles and not to make use of too many compound
lines. Finally, it is not convenient when the individual
compound lines cover intervals of diffraction angles
that are too broad.

On the basis of this experience a combination of the
compound lines 4, 5, 8, 9, 10 was chosen, i.e. only five
from all eleven compound lines. Here the fourth line
contains reflection 200 of ferrite, the fifth, ninth and
tenth lines contain reflections 220, 311 and 222 of
austenite and each of the selected compound lines
includes several reflections of cementite. Results of the
quantitative diffraction phase analysis are given in
Table III.

4.2. Microscopic observations

A typical cross-sectional view of the overlapping
tracks is shown in Fig. 1. The struocture is nearly
identical with that observed on single tracks (see Figs
3 and 4 in Part I). The only pronounced difference in
the microstructure morphology was observed in the
narrow ( ~ 10-12 pm) “mushy zone” where the tem-
perature during the subsequent pass was between the
solidus and liquidus temperatures. The situation is
shown in detail in Fig. 2. In this zone the secondary
dendrite arms have nearly disappeared and the
dendrites are often equiaxed and relatively coarse. The
reason is as follows: between liquidus and solidus

TABLE II Measured integral intensities for the selected 11 compound lines

Group v=285cms* v=170cms™*
of lines
k=0.25 k=05 k=075 k=025 k=05 k=0.75

1 490.4 333.6 302.8 524.8 300.6 391.0
2 139.7 151.8 1255 149.3 100.5 143.1
3 7.4 150 142 53 22.6 22.9
4 47.6 524 63.2 49.6 343 59.4
5 373 11.6 19.5 54.0 273 34.3
6 81.0 80.5 811 97.4 463 89.9
7 171.5 154.5 180.8 174.6 129.2 1834
8 66.7 425 422 719 50.8 58.0
9 126.7 118.2 102.4 1579 99.8 128.5

10 36.5 23.0 15.8 47.0 232 34.5

11 42.0 425 68.0 40.0 32.0 54.0
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TABLE IIT Phase composition of the laser melted Fe—3.5 wt% C alloy

Volume Extrapolated v=85cms™? Extrapolated v=170cms™?!
fraction values values

k=025 k=10.50 k=075 k=025 k=050 k=075
ferrite 0.23 0.29 0.37 045 0.21 0.27 0.27 0.36
austenite 0.16 0.14 0.14 0.12 0.19 0.19 0.15 0.15
cementite 0.61 0.57 0.49 0.43 0.60 0.54 0.58 0.49

Solidus

Liquidus

Solidus

Figure 2 Structural details in the “mushy zone”, v = 8.5cms™?, Figure 3 Different etchability of ledeburite in the “mushy zone™ of
k =0.25. (a) Relatively coarse, equiaxed grains of primary aus- one track (a) and close to the same “mushy zone” but in the
tenite. (b) Branchless dendrites. preceding track (b), v = 8.5ems™ !, k = 0.75.
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a situation analogous to that described in Part I
{Section 4.5, Fig. 7) occurred. The eutectic was com-
pletely remelted while the austenite only partly
melted. Since the structure in the previously melted
track was very fine, the smallest austenite grains, espe-
cially the secondary dendrite arms, disappeared dur-
ing the subsequent remelting. On cooling, the primary
austenite obviously resolidified on the unmelted aus-
tenite remnants giving rise to the relatively coarse and
branchless dendrites.

Another remarkable feature visible on the cross-
sections of the superimposed passes is an increasing
etchability of the ledeburite when approaching in
a pass the “mushy zone” of the following pass, ie. in
the places where the heat influence of the following
pass on the previously melted zone was the strongest.
The situation is illustrated in Fig. 3a and b which were
taken in the “mushy zone” of one track and close to
the same “mushy zone” of the. previous track. The
difference in the carbide etchability is clearly visible.

The volume fraction of dendrites, Q, was deter-
mined on the cross-sectional SEM micrographs using
the point counting method [26], for v = 8.5 cms™!
and all three coefficients of overlapping k. The
measurements were taken over several tracks in the
upper part of the melted layer which was supposed to
be penetrated by X-rays. The values of Q were about
0.35, independent of k and very close to the values of
Q found for single tracks (see Fig. 6 in Part I).

5. Discussion
5.1. Effect of the real structure on the phase
analysis

Results of the quantitative X-ray diffraction phase
analysis depend to a great extent on the real crystal
structure of the investigated samples, particularly on
the size distribution of particles (regions of coherent
scattering), lattice defects and on the texture in the
polycrystalline aggregate. These factors can consider-
ably influence the measured integral intensities from
which concentrations of individual phases are cal-
culated. In the laser melted surface layers where all
phase transformations occur far from the thermody-
namic equilibrium the real structure plays an espe-
cially important role. Typical features of the rapidly
solidified structure in laser treated samples are struc-
tural gradients in a general sense and texture.

The cooling rate and the temperature gradient
decrease with the depth according to the simple model
of the heat propagating from a point or an area source
moving with a constant speed on the surface of the
sample. This is right only in the case when the stream-
ing in the melt does not modify essentially the temper-
ature regime. In this case, the course of the cooling
rates with the depth can be just the opposite [27, 28].
In any case, conditions of solidification and phase
transformations are strongly dependent on the depth
under the surface.

Various types of microstructure within the melted
zone, as a consequence of large temperature gradients
and varying cooling rates, have been well documented,
e.g. see [29, 30]. In our samples, however, no pro-
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nounced changes in the microstructure were observed
by SEM when going from the outer boundary of the
melted zone to its centre. On the other hand, we may
expect local gradients especially in the concentration
of carbon since, due to high cooling rate, the carbon
atoms did not have enough time to diffuse and reach
equilibrium positions of individual constituents in the
resultant crystal structure. It is apparent from the
detailed observations by electron microscopy de-
scribed in Part I; grains of the original primary aus-
tenite (dendrites) remained partly untransformed, as
a consequence of local high concentration of carbon,
and partly transformed to martensite or even to pearl-
ite. The concentration gradients result in varying
interplanar spacings which in turn give rise to micro-
strains and to a considerable broadening of the dif-
fraction lines. The final consequence is a significant
superposition of diffraction lines. On the other hand,
the small particle size (region of coberent scattering)
probably did not contribute essentially to the
broadening of the diffraction lines, at least not in the
case of austenite.

Pronounced texture due to directional heat flow is
well visible from the orientation of the dendrites with-
in the melted zone (Fig. 1). The texture of the ortho-
rhombic cementite was clearly apparent, e.g. from the
reflection 130 of this phase. The influence of texture
was to a great extent eliminated by the large number
(43) of cementite reflections used for the analysis and
by the rotation of samples during X-ray expositions.
The superposition of the diffraction lines was respect-
ed by the choice of the method of directly including in
the calculations integral intensities of the compound
lines.

5.2, Effect of the laser track overlapping on

the resultant phase composition
The results of X-ray diffraction for v = 8.5 cms ™! (see
Table III) show clearly that the volume fraction of
a-Fe in the remelted surface layers increases with
increasing coefficient of track overlapping k whereas
the volume fraction of carbide diminishes and the
content of y-Fe remains nearly constant. The same
tendency is also apparent for v = 17 cms™! though
the data are more scattered.

The observed changes in the phase composition in
relation to the coefficient k can be explained only by
the effects introduced by varying geometry of overlap-
ping. At first sight there might be two such effects:

1. different structures in the central and outer parts
of the tracks; and

2. additional heat modification of the existing
structure by the following adjacent — and perhaps
also the second, third etc. — laser passes.

The coefficient of overlapping k was defined as the
width of the streak in one track remelted by the
subsequent laser pass, expressed in the width of the
melted zone w as a unit. The structure for k = 0.25
consists of two types of alternating streaks. The broad
one in the centre of the tracks is melted only once and
covers 0.5 w; the outer streaks are melted twice and



cover each 0.25w. For k= 0.75 the final result is
represented by one type of streak melted 4 times,
covering 0.25 w and corresponding to the outer parts
of the tracks. The X-ray measurements of the surface
phase composition refer consequently, for k = 0.25,
predominantly to the central parts of the tracks, and,
for k = 0.75, to the outer parts, However, detailed
metallographic observations on single tracks did not
reveal apparent differences in the microstructure of
the central and outer parts of the melted zone, so that
it may be assumed with a reasonable probability that
the phase composition as measured by X-ray diffrac-
tion is practically the same in the centre and near the
boundaries of the tracks.

This reasoning Ieads to the conclusion that the
changes indicated in Table III reflect the heat influ-
ence of the next pass on the preceding one in the series.
This idea will be followed up in more detail. In order
to quantify the thermal effect imposed by a pass on the
preceding ones we shall use the heat-transfer model
specified in Part 1. For the constants given in Section
3, Part I, the model was shown to describe quite
satisfactorily the geometry of the melted as well as
austenitized zones. It may thus be assumed that the
considered thermal effect will also be satisfactorily
described by this model. ‘

Fig. 4 illustates the temperature field superimposed
over track I when the laser beam moving in the
x-direction with the velocity 8.5cms™" is creating
track 2 (see the inset in Fig. 4). The temperature
profiles, represented by the set of curves in Fig. 4,
determine the structural changes during the thermal
cycle and are thus decisive of the final microstructure
and properties of the irradiated sample, as discussed,
for example, in the comprehensive study by Ashby and
co-workers [31, 32]. In our case, the temperature
profiles were calculated for the specimen surface
(z = 0) for various parameters Ay/w, where Ay is the
distance from the melted zone boundary (i.e. from the
isotherm Ty = 1150°C) of track 2, and w is the melted
zone width. From the temperature profiles in Fig. 4 it
is apparent that the structure in track 1 close to the
melted zone boundary of track 2 {Ay/w =~ 0) was ex-
posed for a time interval Ar =~ 0.02 s to temperatures
above 500 °C. On the other hand, Fig. 4 indicates that
even for the largest overlapping k = 0.75, the thermal
effect of pass 3 on the structure in track 1 was most
probably negligible: the maximum temperature in
track 1 during the creation of track 3, as given by the
curve for Ay/w = 0.25, did not exceed 400°C.

Under the assumption that the changes in the phase

composition with parameter k (see Table III) are.

caused by the subsequent very short annealing of the
already melted and solidified structure by the next
pass, we may try to extrapolate the data obtained from
the superimposed passes to non-interfering tracks™.
As depicted in Fig. 5, we consider a thin surface layer
and suppose that detectable changes in the phase
composition of track 1 could occur in the region where
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Figure 4 Temperature field superimposed by pass 2 over track
1 (see the inset) calculated for v = 8.5 cms ™. Position x = 0 corres-
ponds to the centre of a Gaussian beam moving in the x-direction.

Figure 5 Outline of changes in the phase composition due to tem-
pering of one track by the subsequent laser pass. For explanation
see the text.

the maximum temperature during the subsequent pass
2 was higher than a certain temperature T,,. The
changes will be greatest close to the Ty boundary and
will diminish when approaching T,,, the average
change in the volume fraction of a phase in this region

being A®. For the total volume fraction ® of the phase
as measured by X-ray diffraction it follows:

o - DoVt @+ AD)V,,
- Vi + Van B

— V.
= @, AP —-22 =
R 7

@, + ADp (7)

where V,, and Wy are the volumes of the thermally
influenced and uninfluenced portions of the layer,
respectively, and @, is the volume fraction of the
considered phase in the thermally uninfluenced parts.
The parameter p = V,,/(Viy + V.,) tepresents the

*}t is evident that experiments even with k = 0 could not create “non-interfering” tracks. In that case, the following pass would not remelt the

preceding one, however, a heat-affection would not be avoided at all.
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volume fraction of the thermally influenced parts in
the layer and is related to the coefficient of overlap-
ping k by the expression p = w,,/w (1 — k), (w,, = the
width of the thermally influenced parts).

In Fig. 6 the measured volume fractions @,, @, and
@ of a-Fe, y-Fe and carbide, respectively (seec Table
III) are plotted versus parameter p estimated for
T,, = 500 °C. While the volume fraction of y-Fe seems
to be nearly constant, the contents of a-Fe and cemen-
tite change considerably with the parameter p. The
changes in ®, and ®. are more pronounced for
v=85cms”! than for v = 17 cms™! which would
correspond to a longer annealing time at the lower
scanning speed. A linear extrapolation to p — 0 gives
similar values for both scanning speeds and points to
O, ~022; 0,5 ~0.18 and D¢ ~ 0.60 for the ther-
mally uninfluenced, ie. single tracks. These values
were used for the discussion in Part 1.

The simple model suggested for the extrapolation
p — 0 for any scanning velocity assumes exactly the

same value A® for any coefficient of overlapping and
the real temperature of annealing does not enter into
the process of extrapolation. Thus, the limiting tem-
perature T,, = 500°C used in the extrapolation pro-
cedure has been chosen rather arbitrarily. However,
the suggested linear regression may prove its practical
value in individual measurements as for example here
and is suitable as the first test before more complicated
models are applied. It is interesting to state that, for
example, a regression exponential term of the form
ab” yields practically the same results as the linear
procedure.

The linear regression analysis, performed for all
three structure components and both velocities on the
basis of experimental data presented in Table III,
yielded the extrapolated values also included in
Table III. Comparison of the extrapolated high vol-
ume fractions of cementite 0.61 and 0.60, respectively,
for both velocities with the equilibrium value of 0.53 in
the system Fe—3.5 wt% C indicates clearly statistically
significant differences. The indicated values are thus
taken as a proved reality.

5.3. Structure and stability of cementite

Of the metastable iron—carbon compounds the most
important is cementite, a phase that plays an essential
role in the hardening of many commercial steels [33].
The exact data necessary for calculations of intensity
factors in Section 3 were taken from [15]. Structure
data on cementite are not strictly unified because of
the difficulties arising from the properties of this com-
pound [33, 34]. An account of such difficulties may be
documented as follows:

1. The problem of stability is very general. Addi-
tions of Mn and Cr stabilize the cementite structure to
the point that large ( ~ 100 pum) single crystals can be
grown. The most precise determination to date of the
cementite structure was just based on single crystal
X-ray diffraction data from a stable (Fey, oMng ;),C
phase [35]. Unfortunately, structure data referring to
these stabilized carbides cannot sometimes be
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Figure 6 Volume fraction of «-Fe (a), y-Fe (b) and carbide (c) as
functions of parameter p for T, = 500°C. The extrapolated val-

ues (p=0) correspond to non-interfering laser passes.

® v=85cms 'and x,v=17cms" L.

avoided for the binary system due to a lack of other
information.

2. On cooling the Fe—C system, the metastable
cementite forms at ~ 1147 °C and in the reverse direc-
tion, on heating, it starts to decompose at 500 °C [36].
This irreversible behaviour is especially important in
pulse annealing of the melted zone by the next laser
pass. It is reasonable to assume that the temperature
of decomposition depends on stoichiometry and rep-
resents no firm constant. On the contrary, annealing
for several hours near the point of decomposition
stabilizes cementite. This effect is accompanied by
a decrease of the Curie temperature [37].

3. The major problem in all considerations is the
stoichiometric composition depending strongly on
conditions of formation of cementite and determining
its structural characteristics and thermodynamic
properties.

Petch [38] measured lattice parameters of cemen-
tite as a function of the quenching temperature and
found a decrease ~ 0.18% of the elementary cell vol-
ume for the quenching temperature 900°C as com-
pared to the slowly cooled material. This decredse
suggested lower content of interstitial carbon in the
framework of metal atoms. Fruchart et al. [39] report



on analogical studies on the isomorph structure
Pdy P with a much higher variation, =~ 4%, of the
clementary cell volume attributed to the vacancy
structure of phosphorus atoms in Pd;P.

There are numerous papers on carbides with the
ratio Fe:C < 3 in the binary system Fe—C (see review
[33]), but the present authors have not found any
paper on the exact relation between lattice parameters
and carbon content in cementite for Fe:C > 3 (pres-
ence of carbon vacancies). The generally accepted
pleated sheet concept of the structure of cementite,
first introduced in [35], restores carbon to the role of
an interstitial atom in a recognizable metal-atom
framework [33] evidently giving space to a higher
fraction of carbon vacancies similarly as in g-carbide.
Papers [23, 24, 40-42] on splat quenching and laser
treatment generally indicate wide limits in
stoichiometry of e-phase and e-carbide, if they men-
tion them, but direct data for cementite are systemati-
cally missing,

5.4. Analysis of the measured values
In the light of past considerations the results in Table
III may be summarized as follows.

The predominant component for both velocities is
cementite with volume fractions ®¢ ~ 0.60. The rea-
soning explained in Part I, Section 3, led to an esti-
mate of the carbon content available for carbide
formation of ~3.0wt% and consequently to the
theoretical equilibrium content of cementite ~ 0.45 as
the lower limit. Taking volume fraction ®¢ = 0.60 as
measured in the laser treated material, one obtains for
the effective stoichiometry of carbon in cementite the
value s = (.75 compared to s = 1 in the perfect lattice.
This corresponds to the composition o e C.
Volume fractions ®c and @, decrease and increase,
respectively, with higher overlapping for both vel-
ocities. It can be stated that the increasing coefficient
k leads to a decomposition of the non-stoichiometric
cementite by annealing pulses of different temperature
versus time profiles (Fig. 4). Duration of pulses is

~ 1072 s according to the distance Ay/w from the
melted zone.

A strongly simplified carbon balance may now be
tried on the basis of the general requirement of conser-
vation of the total quantity of carbon. Pulse annealing
reduces the volume fraction of cementite and the
“free” carbon which results as a product of the de-
composition may, in principle, either form graphite (as
recently described in [42]) or enter different com-
pounds of the system. Contrary to [42] no graphite
was observed on the metallographic micrographs. The
solubility of carbon in ferrite is negligible. On the
other hand, dissolution of cementite in austenite
above the austenitizing temperature and subsequent
trapping of carbon in austenite should be taken into
account. In that case the volume fraction of v-Fe
would be expected to increase with increasing overlap-
ping. However, the volume fraction of austenite @, is
practically independent of the coefficient of overlap-
ping k& and approximately equal for both scanning

velocities. It may thus be assumed that all “frec” car-
bon, or at least the main proportion of it, will enter the
lattice of the remaining non-stoichiometric cementite
and that the two processes will occur simultaneously:
decomposition of part of the cementite; and saturation
and recovery of the rest.

The conservation of the total quantity of carbon
after the two processes may be expressed by the rela-
tion

(I)l Sy = (1)252 (8)

The subscripts 1 and 2 refer to the state before and
after the mentioned processes, respectively, @ denotes
the volume fraction of the considered phase (cemen-
tite) and s the stoichiometry of carbon. Equation
8 may include on both sides several terms for several
structural components. Referring the subscript 1 to
the extrapolated value ®; = 0.61 and to the estimated
stoichiometry s = 0.75 (see above), one finds from
Equation 8 for v = 8.5 cms ™! and coefficients of over-
lapping k = 0.25, 0.5 and 0.75, values of s, = 0.80,0.93
and 1.06, respectively. The trend of the values s, seems
reasonable and corresponds to the increasing decom-
posed fraction of cementite. The linear relationship
between s, and k is surprising and unexpected and will
be the subject of further consideration.

The idea of partial decomposition and partial re-
covery of cementite during annealing pulses rests
upon two statements in [36] and [37]. Simultaneous
presence of these two processes assumes only short-
path diffusion of carbon. Further investigations along
these lines are necessary to support or reject the sug-
gested idea and to bring a deeper insight into the
possible simultaneous processes.

6. Conclusions

X-ray diffraction was applied to a quantitative phase
analysis of the identified components o-Fe, y-Fe and
cementite in laser melted surface layers of
Fe-3.5wt% C.

1. The volume fraction of austenite did not change
significantly with the coefficient of overlapping and
scanning velocity.

2. Cementite decomposed with increasing overlap-
ping, ie. with increasing effect of annealing pulses
from the adjacent laser passes.

3. Carbon as the product of decomposition is
assumed to contribute to the stoichiometry of the
remaining partially recovered cementite.

4. The higher scanning velocity reduced the rate of
decomposition of the cementite because of the shorter
annealing pulses.
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