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Structure and hardness of laser-processed
Fe-0.2%C-5%Cr and Fe-0.2%C-10%Cr alloys
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Department of Mechanical Engineering, lowa State University, Ames, lowa 50011,

USA

The effects of high quench rates achieved through a laser surface-alloying process
on the martensitic transformations of Fe-0.2%C-Cr steels (up to 10 wt% chromium)
were investigated. The microstructural variables: martensitic morphology and its
substructure; amount of retained austenite; and carbide precipitation were charac-
terized by optical metallography and thin foil transmission electron microscopy
(TEM). The microstructures exhibited were fully lath martensitic type, the substruc-
ture of which consisted of dislocations. The morphology and substructure of
martensite were influenced neither by the chromium content of the alloy nor by the
laser parameters (or melt depth) employed. Thin films of retained austenite were
observed at packet and lath boundaries of martensite and at prior austenite grain
boundaries. The amount of retained austenite was found to decrease with decrease
in melt depth. TEM studies also revealed the presence of more or less continuous
cementite films both at the lath boundaries and within the laths. Microhardness
measurements had shown that the hardness increased with increase in chromium
content of the alloy but appeared to be independent of melt depth.

1. Introduction

Considerable work has been done on martensitic
transformations and their influence on the
resulting mechanical properties of carbon and
alloy steels [1-20]. While the effects of carbon
and substitutional alloying elements on the
transformation substructures of martensites
have been very well characterized and docu-
mented in the literature, relatively little emphasis
has been attached to the relationship between
quench or cooling rate and the resultant struc-
ture and properties of martensites. It has been
known probably for a long time that cooling rate
influences the extent of martensitic transfor-
mation. Mathews [12] observed increased
amounts of retained austenite in oil-quenched
steels over water-quenched steels. Klier and
Troiano [13] reported an increase in M, tem-
perature with increase in quench rate for
chromium steels. These results have stimulated
many investigators [5-8] to seek to understand
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the effect of high quench rates on the relevant
mechanisms of martensitic transformations.
Donachie and Ansell [5] recently studied the
effects of high quench rates (up to 4 x 10*°C
sec”') on M, temperature, percentage of
austenite transformed, martensitic morphology
and hardness. The results of their studies and
other prior investigations [6-8] were explained
on the basis of the degree of carbon segregation
to structural imperfections in the austenite prior
to the austenite-martensite transformation.
However, the factors that control martensitic
transformation behaviour at high quench rates
have not yet been completely elucidated.

The current study of Fe-0.2 wt %C—Cr steels,
produced through a laser surface-alloying
process, has been directed at determining
martensitic transformation behaviour as a fun-
ction of composition (up to 10% chromium) and
melt depth (100 to 1500 um).
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TABLE I Laser beam parameters used in this study

Laser power 900 to 1200 W

Beam size 0.0066 to 0.040 cm
Scan rate 0.42 to 8.47cmsec™!
Lens 6.25cm focal length (ZnSe)

2. Experimental procedure
Commercial low~carbon steel (C, 0.18 to 0.22%:;
Si, 0.08%; Mn, 0.68%; S, 0.010%; P, 0.07%),
received in the form of cold-rolled steel bar, was
vacuum degassed at 600°C and cut into speci-
mens of size 7.5cm x 2.5cm x 0.64cm. Chro-
mium was then electrodeposited on these speci-
mens using conventional plating methods. Chro-
mium coating thickness was varied from 5 to
50 um. After chromium deposition, the samples
were again vacuum degassed (10~7torr) at
205° C (400° F) to remove the entrapped hydro-
gen from the coating.

The chromium-deposited steels were then
mounted on a numerically controlled x—y table
and irradiated with a continuous high-power
CO, laser beam of wavelength 10.6 um. Different
laser beam parameters were used (Table I) to
obtain penetration depths from 100 to 1500 um.
Both single-scan and multiple-scan laser melting
(successive laser passes were laid side by side)
were employed. The cooling rates, estimated
using solidification structures and heat transfer
models [21-23], ranged from 10° to 10° °Csec ™'
depending on the melt depth. The desired alloy
composition in the fusion zone was obtained by
controlling the melt depth and initial chromium
coating thickness.

Microstructural and compositional analysis
consisted of optical microscopy, scanning elec-
tron microscopy (SEM), transmission electron
microscopy (TEM), and energy-dispersive and
and wavelength-dispersive X-ray microprobe
analysis. Thin foils for TEM work were taken
from the mid-regions of laser-alloyed zones.

TABLE 11 Laser alloying parameters (laser power, 1200 W)

Slices of 0.6mm thickness were mechanically
sectioned, using flood cooling to avoid temper-
ing. A series of 120, 240, 400 and 600 grit SiC
papers were then used to reduce the thickness to
0.10 mm. Discs of 3mm diameter were punched
and thinned in a solution containing 5% per-
chloric acid in 2-butoxyethanol with 80V
applied voltage at — 10°C using a twin jet
polisher. The foils were then examined in a
Hitachi HU- 11B electron microscope operated
at 100kV. For optical microscopy and SEM, the
samples were polished and etched in 2% Nital
and Villella’s reagent. In addition to metallo-
graphy, the fusion zone microhardness was
determined using a Leitz miniload hardness
tester.

3. Results and discussion
3.1. Laser-alloyed fusion zone studies
Fig. 1 shows transverse sections of laser-alloyed
zones typically observed in single-laser-pass
treated (Figs. 1a and b) and multiple-laser-pass
treated (Figs. lc and d) specimens. Com-
positional studies on Iaser-alloyed fusion zones
revealed that the desired composition was
obtained by controlling initial chromium coat-
ing thickness and penetration depth (Table II).
Uniform composition of laser-alloyed fusion
zones was dependent upon the melt zone geo-
metry. Studies by X-ray microprobe analysis
indicated that uniform composition was
achieved only in a semicircular melt zone (Figs.,
1b and d). In contrast, deep penetration zones
(Figs. la and c) contained composition gradients
and these could be identified by the differences in
etching behaviour within fusion zones. Micro-
structural and hardness studies were, however,
made only on regions of uniform composition.
Thin foil TEM work was carried out in trans-
verse sections of multiple-laser-pass treated
specimens.

Béam size Scan rate Nominal Penetration Nominal
(cm) (cm sec™") coating thickness depth (um) composition
' (um) (wt % Cr)

0.0066 2.11 50 1500 5

0.0254 4.66 20 600 5

0.0400 1.27 5 200 5

0.0066 5.50 50 1000 10

0.0254 4.66 35 600 10

0.0400 1.27 10 150 20
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Figure 1 SEM micrographs of transverse sections of laser-alloyed zones: (a), (b) single laser pass; (¢), (d) multiple laser pass.

3.2. Optical metallography

Figs. 2a to c are representative optical micro-
graphs  of  laser-processed  (single-pass)
Fe-0.2%C-Cr alloys with different chromium
contents. The as-quenched structures appear to
be completely martensitic in nature. The colum-
nar type of solidification structure is also
evident. A comparison of Figs. 2a to c also
shows that there is no apparent change in the
morphology of martensite with increase in chro-
mium content of the alloy. The same results were
obtained for all melt depths. Fig. 3 is an optical
micrograph of laser-processed (multiple-pass)
5% chromium alloy showing the martensitic
structure with no columnar solidification struc-
ture. The disappearance of columnar structure is
attributed to tempering of the fusion zone
caused by successive overlapping passes.

3.3. Transmission electron microscopy
A detailed characterization of microstructures
by TEM was performed on multiple-pass laser-
melted 5 and 10% chromium alloys. These two
alloys are representative compositions and can
be utilized to predict the behaviour of other
alloys within the y-phase field of the Fe-Cr—C
equilibrium diagram.

3.2.1. Martensitic substructure

TEM studies of 5 and 10% chromium alloys
revealed a microstructure consisting of lath
martensite occurring in packets. Figs. 4 and 5
illustrate the bright-field micrographs of 5 and
10% chromium alloys, respectively, for different
melt depths. The laths were predominantly
dislocated; however, some internal microtwin-
ning in a few laths was also observed. Internal
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twinning in some individual laths has also been
shown by many previous investigators for plain
carbon and alloy steels [9, 14]. The laths within
a packet of martensite were separated by low-
angle boundaries, although in some regions twin
related laths were also observed. Careful analy-
sis of lath martensite structure indicated the
presence of at least three types of lath mor-
phologies: convergent laths; regular parallel
laths and large laths containing extensive auto-
tempered carbides. Regular parallel laths were
most frequently observed with individual laths
having planar boundaries (Figs. 4b and 5b). A
convergent lath is occasionally observed within
each martensite packet. Large laths containing
autotempered carbides (Fig. 6a) were also
observed and they most probably formed in the
early stages of transformation. Howell ef al. [4]
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Figure 2 Optical micrographs of single-pass laser surface-
alloyed Fe-0.2%C-Cr steels: (a) 5% chromium; (b) 7%
chromium; (c) 10% chromium.

reported similar observations in heat treated
Fe-0.2%C-5%Cr and 10% chromium alloys.
Their studies also showed the presence of auto-
tempered cementite in large laths.

Melt depth did have a significant effect on the
morphology and substructure of martensites.
The martensitic structures were made up of
packets of fine parallel laths and the packet size
decreased with increase with melt depth. Messler
et al. [6] reported that high quench rates were
responsible for the appearance of fine parallel
martensite laths in steels. They explained the
appearance of this particular morphology on the
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Figure 3 Optical micrograph of multiple-pass laser surface-
alloyed Fe-0.2%C-5%Cr steel. : .



basis of the conditions under which growth
takes place. The rate of quenching altered the
growth morphology of martensite by changing
the austenite shear strength through changes in
the formation of carbon atmospheres at imper-
fections. Donachie and Ansell [5] observed
twinned laths in fast-quenched (4 x 10*°C
sec”') low-carbon steel. They attributed this
change in morphology to a change in austenite
shear strength caused by quench rate.

There was no change in the morphology and
substructures of martensite observed between 5
and 10% chromium alloys. This suggests that
the interaction between carbon and chromium
(chromium reduces the diffusivity of carbon,
thereby keeping it in solution) is not sufficient to
induce changes in the M, temperature or

Figure 4 TEM micrographs of laser-processed 5% chro-
mium alloy. Melt depth: (a) 1500 um; (b) 600 gm; (c) 200 um.

austenite shear strength, thereby causing the
change in substructure. Kelly and Nutting [1]
attributed the change in martensitic morphology
and substructure to stacking fault energy and M,
temperature. Lowering M, temperature or rais-
ing stacking fault energy should favour the
formation of twinned martensite. Addition of
chromium to a steel lowers the M, temperature
and also lowers the stacking fault energy,
thereby producing opposing effects.

3.3.2. Retained austenite
TEM studies showed the existence of thin films
of retained austenite at interlath boundaries and
at prior austenite grain boundaries in laser-
processed chromium steels. Figs. 6 and 7 illu-
strate the typical interlath film morphology of
retained austenite for 5 and 10% chromium
alloys. Analysis of SAD patterns, as illustrated
in Figs. 6 an 7, revealed that the orientation
relationship between the austenite and mar-
tensite was the Kurdjumov—Sachs (K-S)
relationship, ie. (011)(111),, [111],]
[110],, and the Nishiama-Wesserman (N-W)
relationship, namely (001),[/(111),, [100],]
[101}. .
The most significant conclusion in this study is
that there is a decrease in the amount of retained
austenite with decrease in melt depth. The
largest amounts of retained austenite were
observed in deep penectration melts. At this
point, it is important to emphasize that the
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above conclusion is based upon the examination
of a number of thin foils.

The presence of retained austenite in
quenched steels is attributed to the following
factors: (i) grain size, (i) M, temperature, (iii)
carbide precipitation, (iv) austenite shear
strength, and (v) alloy content. Several models
have been proposed [5-8, 10, 11] to explain the
stabilization of austenite at room temperature.
They include chemical stabilization (carbon par-
titioning from lath martensite to the surround-
ing austenite during transformation or carbon—
dislocation interactions inhibiting transfor-
mation), thermal stabilization (lowering M, tem-
perature) and mechanical stabilization (plastic
deformation in austenite accompanying the
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Figure 5 TEM micrographs of laser-processed 10% chro-
mium alloy. Melt depth: (a) 1000 um; (b) 600 um; (c) 150 um.

shear transformation). The effect of melt depth
in reducing the amount of retained austenite in
the present study appears to be a combined
effect of thermal and chemical stabilization. It is
generally agreed [5-8] that M, temperature
increases with increase in quench rate. In terms
of Ansell and Arrott’s model [7], increasing
quench rate decreases the time available for car-
bon segregation to structural imperfections in
the austenite. As a result, the equilibrium carbon
concentration in the carbon-defects atmosphere
is not obtained. The austenite is no longer as
effectively strengthened by the segregation of
carbon to imperfections and the transformation
to martensite can occur more easily. Thus, an
increase in M, temperature and reduction in
austenite shear strength are probably respon-
sible for the observed decrease in the amount of
retained austenite with decreasing melt depth.

3.3.3. Carbide precipitation

Both e-carbide and cementite were observed in
all alloys irrespective of composition and cool-
ing rate (Figs. 6c and 8). However, these car-
bides appear to be more pronounced in 5% than
in 10% chromium alloy. The carbides were
present both at the lath boundaries and within
the laths. The shape and size of carbide particles
was not influenced by quench rates. Carbide
precipitation in these alloys is attributed to
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Figure 6 TEM micrographs of laser-processed 5% chromium alloy: (a) bright field; (b) dark field showing retained austenite;

(c) dark field showing e-carbide; (d) SAD pattern.

tempering of martensite caused by multiple
scanning of the laser beam during this process.

3.4. Microhardness

Knoop microhardness studies were carried out
on the fusion zones as functions of composition
and penetration depth, both in single-pass and
multiple-pass laser-melted alloys (Fig. 9). An
increase in hardness was observed with increas-
ing chromium content of the alloy but melt
depth did not increase the hardness. High hard-
ness in the high-chromium alloy is believed to be

due to a substitutional solid-solution strengthen-
ing mechanism.

4. Conclusions
The microstructures and microhardness of the
laser surface-alloyed Fe—0.2%C—Cr system have
been investigated as functions of composition
(up to 10% chromium) and melt depth
(1501500 ym). The structures were charac-
terized by optical microscopy and thin-foil
TEM.

The principal resuits and conclusions are as
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Figure 7 TEM micrographs of laser-processed 10% chro-
mium alloy; (a) bright field; (b) dark field showing retained
austenite; (c) SAD pattern.

follows:

1. The microstructures were essentially dislo-
cated lath martensitic irrespective of com-
position and cooling rate.

2. Thin films of retained austenite were
observed at lath packet boundaries of martensite
and at prior austenite grain boundaries. The
amounts of retained austenite were not
influenced by composition but decreased with
increase in cooling rate.

3. A homogeneous dispersion of e-carbide

Figure 8 TEM micrographs of laser-processed 5% chromium alloy; (a), (c) bright fields; (b), (d) dark fields showing
cementite.
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Figure 8 continued.
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Figure 9 Effect of chromium content and melt depth on microhardness of laser-alloyed fusion zones.
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and cementite, both at the lath boundaries and
within laths, occurred in the martensite.

4. Chromium content of the fusion zone
increased the hardness.
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