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Non-equilibrium synthesis of Fe-Cr-C-W alloy 
by laser cladding 

J. CHOI,  J. M A Z U M D E R  
Center for Laser Aided Materials Processing, Department of Mechanical and Industrial 
Engineering, University of Illinois at Urbana-Champaign, Urbana IL 61801, USA 

Synthesis of Fe-Cr-C-W alloy using the laser cladding technique offered an opportunity to 
produce a novel wear-resistant material with fine and uniform microstructure. Use of preheat- 
ing during laser cladding Fe-Cr-C-W provided crack-free clads. The preheating temperature 
was very critical to eliminate cracks in the clad. Different complex types of carbide were ob- 
served in this research. Overall laser process parameters such as power density or specific en- 
ergy as well as preheating temperature affected the characteristics of the carbide precipitates in 
the matrix. The increase of solid solubility and high cooling rate resulted in good metallurgical 
characteristics. Mostly M6C or M23C6 type carbides were observed. Usually diamond-shaped 
M6C carbides showed good tribological characteristics. In general, increasing the power dens- 
ity brought an increase of average hardness, while decreasing the power density brought a 
decrease of wear scar width. The laser-clad Fe-Cr-C-W alloy showed better wear properties 
than laser-clad Fe-Cr-Mn-C and several times smaller scar width as compared to Stellite 6 
hard-facing during line-contact wear testing. 

1. Introduction 
Material synthesis by the laser cladding technique has 
recently attracted increasing attention in material pro- 
cessing due to the inherent rapid heating and cooling 
rate in laser surface modification, which provides an 
opportunity to produce novel materials, often over- 
coming the limitations related to equilibrium thermo- 
dynamics. In laser cladding and alloying processes, the 
surface chemistry of materials can be significantly 
changed by simultaneous addition of alloying ele- 
ments and their subsequent rapid solidification. 

Metallurgical investigations of phase trans- 
formation in Fe -Cr -C-X (X = Mn, W, V etc.) alloys 
have been carried out by many investigators [1-8]. A 
microstructural study of laser-clad Fe -Cr -Mn-C  al- 
loys revealed a high degree of grain refinement and an 
increase in solid solubility of alloying elements which 
produced a fine distribution of complex types of car- 
bide precipitates in the ferrite matrix [3]. This study 
also revealed that the blocky precipitates (M6C pre- 
cipitates and ~-phase) have a higher hardness than the 
aligned MvC3-type carbide precipitates; therefore, 
they are expected to give rise to better wear and 
friction properties. 

In the investigation by Eiholzer et al. [1] it was also 
reported that the wear properties of laser-clad 
F e - C r - M n - C  alloy were found to be superior to 
those of Stellite 6. The papers of Singh and Mazumder 
[2,3] also confirmed that the laser-clad Fe-Cr -  
Mn-C alloys exhibited far superior wear properties 
compared to Stellite 6 during block-on-cylinder tests. 
The improved wear resistance was attributed to the 
fine distribution of metastable M6C carbides. 

About the alloy of F e - C r - C - W  there is little in- 
formation available in the literature. In the 1950s 
Goldschmidt [4] presented the first schematic dia- 
gram of F e - C r - C - W  alloy. He reported the presence 
of M6C and Cr23C 6 carbides and also observed that 
Cr23C 6 could be changed by Fe and W to form 
Fe21WzC6 carbide. Not many types of carbide have 
been observed in the equilibrium F e - C r - C - W  alloy. 
Recently, Uhrenius and Frondell [5] reported equilib- 
rium associated with carbides and austenite in 
F e - C r - C - W  alloy. Their study was mainly concerned 
with equilibrium involving M23C6; however, M6C 
and cementite were also observed. Meanwhile, 
Bergst6m [6,7] has reported the existence of M6C 
carbide. The region around M6C in the alloy was 
observed, and the existence of two different types of 
carbide, M12C and MaC , was reported. 

However, not much effort has been made on re- 
search about the effect of material processing para- 
meters on F e - C r - C - W  alloy. Recently Singh and 
Mazumder [9] have identified the optimum pro- 
cessing conditions of non-equilibrium F e - C r - C - W  
alloy. In fact, lack of understanding of the effect of 
processing parameters has caused many troubles dur- 
ing the non-equilibrium F e - C r - C - W  laser cladding 
process. It should be noted that determination of 
suitable processing conditions have been made 
through many experimental trials [1-3, 9]. However, 
lots of things have remained unknown. Porosities 
between substrate and clad alloy, cracks on the clad 
surface as well as in the clad bulk, and keyholes in the 
substrate are some of the problems still not fully 
understood [10, 11]. These problems have to be 
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addressed before adopting the laser cladding process 
in the production line. 

Experiments on laser-clad Fe-Cr -C-W have there- 
fore been carried out to obtain a problem-free laser 
clad. Similar defects like porosities, cracking and 
keyholing were also observed during the laser clad- 
ding experiments. Porosities were found in many sam- 
ples and did not seem to depend on the levels of 
power, powder feed-rate or traverse speed. One pos- 
sible explanation for this may be that the substrate 
used, 1016 steel, contains excess gases. Upon melting 
of the substrate, the gases were released and became 
trapped in the clad due to the extremely high cooling 
rate. To see if this is the cause of porosity, the substrate 
material should be analysed for gas content to see if 
there is a difference between the content of those 
samples which exhibit porosity and those which do 
not. Measures could then be taken to reduce the 
amount of gas in the steel to reduce the occurrence of 
pores in the clad. The other possible explanation is 
that a considerably higher melting point in the clad, in 
this case containing Cr, W and C, than in the substrate 
may cause shrinkage cavities in the interface during 
the solidification process, because the solidification 
front could finish in the interface. 

Many of the clads also showed extensive cracks 
perpendicular to the cladding direction. Some of the 
samples emitted audible cracking sounds immediately 
after the cladding process. It seems that the crack 
occurs due to tensile solidification stresses which res- 
ult from differential expansion in the steep thermal 
gradients associated with laser processing. These ten- 
sile stresses usually result in cracks of the non-ductile 
clad layers. Two methods were considered to elimi- 
nate cracks during the processing. The first one is the 
reduction of carbon content in the powder with the 
purpose of reducing the brittleness effect during solidi- 
fication. Secondly, preheated substrates were con- 
sidered to reduce the severe temperature gradient 
change which causes the cracks. As a result, crack-free 
samples were obtained with the preheating method. 
Keyholing was also observed in some samples. It 
turned out to be due to excess laser power density 
compared to the needs of laser cladding. A proper 
power density is therefore, recommended to avoid the 
keyholing phenomenon. 

Many researchers have reported wear resistance 
coating by laser [1, 10, 12-14]. They reported that the 
use of laser processing in the production of wear- 
resistant coatings offers considerable possibilities, giv- 
ing complex microstructures with good tribological 
performance and strong bonds to the base metal. The 
laser processing technique has been used to get thin 
and hardened surface layers by injecting fine particles 
of WC or TiC into a shallow laser melt pass [10]. 
Eiholzer et al. [1] also studied the wear properties of 
laser-clad Fe-Cr-Mn-C.  In their preliminary study, it 
was shown that wear resistance can be significantly 
improved by laser cladding to a mild steel substrate. 
The main motivation was to develop cobalt-free bear- 
ing alloys. However, there has been little research to 
replace bearing alloys with cobalt by Fe-Cr -C-W 
alloy, which could have better tribological properties. 

This will also lead to conservation of strategic 
elements. 

The main goal of this non-equilibrium synthesis of 
Fe-Cr-C-W alloy was to get a fine and uniform 
distribution of a complex mixture of different carbide 
precipitate in a ferrite matrix, and to develop a crack- 
free clad in order to develop a cobalt-free alloy with 
improved tribological properties [15]. The relation- 
ships between the process parameters, carbide mor- 
phology, and wear properties were studied to evaluate 
the role of process parameters on the tribological 
properties of these non-equilibrium alloys. 

2. Experimental procedure 
2.1. Experimental set-up 
Elemental powders of various sizes were mixed to get 
a mixed powder in a desirable condition. Table I 
shows the size and purity of the element powders. The 
powders were dried by heating at 200 ~ in a tube 
furnace with a steady argon gas flow for about 8 h, 
and then cooled slowly to room temperature. 

The experimental set-up for laser cladding (Fig. 1) 
consists of three units: the laser, powder dispenser and 
preheating furnace working simultaneously. The laser 
system, an Avco HPL 10 kW c.w. CO 2 laser with F7 
Cassegrain optics, produces a beam with TEM01* 
mode which is doughnut-shaped with a Gaussian 
power distribution in the annulus. 

The powder delivery system delivers powder to the 
substrate. It consists of an Accu-Rate (Moksness 
Manufacturing Inc., Whitewater, Wisconsin) powder 
dispenser, funnel and helium gas inlet. The powder 
dispenser is a screw feed system with a feed rate which 
was varied between 0.1342 and 1.3403 gs-1. Powder 
falls from the screw into a funnel and flows to the 
small amount of helium gas flows in the tube along the 
powder flow for the purpose of uniformity of powder 
flow. This direct placement of powder for cladding 
into the molten pool is known to have benefits over 
the preplaced cladding procedure and it gives the 
optimum specific energy needed for cladding, resulting 
in a finer microstructure [16]. Helium gas was used for 
shielding during laser processing, because the helium 
has a higher ionization potential (24.6 eV) compared 
to argon (14.6 eV) and thus produces a plasma with a 
lower electron density at the laser-substrate inter- 
action point. Loss of laser energy due to inverse 
Bremsstrahlung absorption at the plasma column in- 
creases with an increase of electron density. 

In order to eliminate cracking due to the rapid 
solidification process, the preheating furnace was pro- 
vided with a thermocouple and Variac which could 
control the temperature. The operating temperature 

TABLE I Size and purity of the element powders 

Element Size (~tm) Purity (%) wt (%) at (%) 

Fe 6-9 99.9 62.5 51.9 
Cr 2 99.5 25.0 22.3 
C 0-300 mesh 99.5 6.25 24.2 
W 0.5 99.9 6.25 1.60 
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Figure 1 Experimental set-up for laster cladding. 

Preheating furnace 

I Variac 

was varied between 200 and 800 ~ The sample tem- 
perature was measured with a thermocouple. 

2.2. Processing parameters and analysis 
procedures 

The process parameters which were used for this 
investigation are given in Table II. For  the present 
investigation the laser was operated at 3 to 8 kW with 
2 to 4 mm beam diameter underfocused, which gives 
the doughnut-shaped model TEM01*. The traverse 
speed for the substrate was varied from 10.58 to 
25.04 mm s- 1 and the powder feed-rate was selected 
from 0.3142 to 1.3403 gs -1. The substrate material 
was 0.25 in (6.4 mm) thick AISI t016 steel with a 
polished surface. 

For optical microscope observation, an etchant 
composed of 5 g FeC13, 5 g CuC12, 100 ml HC1 and 
300 ml H 2 0  was used. 

A microhardness test was carried out with the 
Buehler model Micromet II microhardness tester to 
obtain the hardness distribution data. 300 g loads 
were applied during 7-8 s for this test with a Vickers 
indenter to obtain (Hv). The microhardness test data 
were taken from two or three different points of the 

TABLE II Laser process parameters 

Parameter Operating range 

Laser power (kW) 3-8 
Beam diameter (mm) 2-4, underfocused 
Traverse speed (mm s- x) 10.58-25.04 
Powder feed-rate (g s-1) 0.1342-1.3403 
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same level of cross-section from the top of the surface 
to the interface. 

Microstructural and composition characterization 
of the clad material was performed using optical 
microscopy, scanning electron microscopy (SEM) 
(Jeol 35C, Hitachi S-800), Auger electron spectroscopy 
(AES) and an energy-dispersive X-ray microanalysis 
(EDX) system with SEM. 

The cross-section of the clad area was examined 
using the Perkin-Elmer model PHI  660 Auger multi- 
probe. The cross-sections of the clad were scanned 
both before and after approximately 40rain of 
sputtering with Ar ions at 20 kV. As the amplitude of 
the counting peak, obtained from the AES survey, for 
a characteristic electron energy is proportional to the 
concentration of the corresponding element, the rela- 
tive amounts of different elements are obtained by 
dividing the amplitude by the sensitivity factor. Ele- 
mental maps for AES were also obtained to under- 
stand the distribution of each element used. 

Differential thermal analysis (DTA) was also carried 
out in order to reveal the transition temperature at the 
clad area for a sample without preheating. The DTA 
was performed with a Perkin-Elmer system 417 with a 
high-temperature cell attachment, Small pieces of the 
clad material with approximately 30 mg weight are 
put into a sample cup, which is filled up with AI20 3. 
The reference cup is filled up with the same level of 
A120 3. The heating scan rate was 20 ~ min-  1 and the 
flow rate of Ar gas about 45 cm3min -1 

A preliminary friction and wear test was performed 
with a block-on-cylinder machine (Fig. 2). Before the 
wear test, a calibration was done with a multimeter 
and a chart recorder by applying a load which was 
known, and then a chart was made. The test was 
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Figure 2 Schematic drawing for wear test. 

monitored by measuring the voltage change by the 
multimeter under the load given. The load was gain- 
controlled by a load transducer controller. Similarly, 
the friction force was calculated by measuring the 
voltage change with a multimeter and a friction force 
transducer controller. The load applied on the lever 
was proportional to the actual test load at the block- 
on-ring contact by 10: 1, i.e. 1 lb applied on the lever is 
equivalent to 10 lbs actual test load. The disc used for 
the test was AISI 52100 steel with Rc hardness 60. A 
wear test for which speed was set at 24r.p.m. 
(0.032 m s- 1) was performed for 1 h per sample under 
boundary lubrication conditions. The lubricant used 
was a straight paraffinic mineral oil, Sunvice 21. Dur- 

ing the operation, temperature and humidity were 
checked and controlled. 

Table III shows a sample data set for the laser 
cladding of Fe-Cr-C-W with preheating. The sam- 
ples were mainly obtained with 4 mm beam diameter, 
4kW laser power, 25(635 mmmin-1)ipm traverse 
speed and 0.5368 g s -1 powder feed-rate. The laser 
processing parameters were varied to produce desir- 
able data for research purposes. Power density and 
interaction time as well as preheating temperature 
were primarily considered to set up a matrix chart to 
understand the effect of the combination of processing 
parameters on the laser cladding in terms of surface 
condition and rnicrostructure. 

T A B L E  III Data  set for the synthesis of F e - C r - C - W  system (preheated) 

Sample Beam Laser Traverse Powder 
No. dia. power speed feed-rate 

(mm) (kW) (ipm)" (gm s -  1) 

Preheat Specific Power Interaction 
temp b energy density time 
(~ (kJ cm -z) (kW cm -2) (s) 

1-1 4 3 22 0.5368 
1-2 4 4 23 0.5368 
2-1 4 5 28 0,5368 
3-1 4 4 47 0,5368 
3-2 4 4 51 0.8052 
3-3 4 4 43 1.0736 
7-1 4 4 23 0.5368 
7-2 4 4 25 0.5368 
7-3 4 4 25 0.5368 
8-1 3 3 26 0.5368 
8-2 3 4 28 0.5368 

13-1 3 3 27 0.5368 
16-1 4 4 25 0.5368 
17-2 4 4 25 0.5368 
19-1 4 4 25 0.5368 
19-3 4 4 26 0.5368 

600-621 8.05 18.75 0.4295 
618-667 10.27 25 0.4108 
612-646 10.546 31,25 0.3375 
586-591 5.025 25 0.201 
590-613 4.6325 25 0.1853 
590-678 5,4925 25 0.2197 
663-699 10.27 25 0.4108 
698-748 9.4475 25 0.3779 
725-812 9.4475 25 0.3779 
688-702 8.9958 33 0,2726 
700-735 12.376 44,4 0,2531 
426-454 8.6625 33 0.2625 
298-351 9.4475 25 0.3779 
384-457 9.4475 25 0.3779 
484-527 9.4475 25 0.3779 
513-652 9.085 25 0.3634 

a 1 ipm = 25.4 m m  min - 1. 
b The temperature data indicate the initial 
processing. 

steady-state temperature and the final peak temperature of the substrate during the laser 
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3. Results 
3.1. Microstructure 
3.1.1. Optical microscopy and scanning 

electron microscopy 
Microstructures of the laser-clad Fe-Cr-C-W were 
investigated with both optical microscopes and scan- 
ning electron microscopes. After preheating, crack- 
free samples were usually obtained. The preheating 
temperature has a very significant influence on crack- 
ing. It was found that most of the samples preheated 
to over 550~ were crack-free. The overall micro- 
structures of the laser cladding area were generally 
found to be uniform throughout. An optical micro- 
graph of the laser-clad region for sample 2-1 is shown 
in Fig. 3. The microstructure near the interface region 
is, in general, a little different from that near the 
surface. Singh and Mazumder [-3] have explained this 
kind of microstructure phenomenon on the basis of a 
heat- and mass-transfer model proposed by Li and 
Mazumder [16] in the case of samples without pre- 
heating. 

However, in this case a consideration of preheating 
effect should be added to understand this phenomena, 
which could be explained by the rapid solidification 
process producing a non-equilibrium phase and the 
latent heat energy needed to melt the substrate near 
the interface during solidification. The preheating 
temperature would affect the differential cooling rate 
in the steep thermal gradient associated with laser 
processing, and in some sense contribute an additional 
layer of substrate near the interface area to melt with 
the latent heat energy. However, it should be noted 
that, during the solidification, although a preheated 
substrate could not permit enough time to remix and 
diffuse the alloying element with the remaining melt, it 
would allow the clad near the interface area to form a 
rich but uniform alloying structure-generally of 
higher metal concentration relative to carbide concen- 
tration (M3C 2 or  M z C  instead of M6C or  M23C6) - 

which was investigated in the AES survey. More 
detailed analysis may be necessary to understand the 
effect of preheating on the formation of duplex phases 
which have been observed in other laser-clad alloys 
such as Fe-Cr-C-Mn,  Mg-A1 and Ni-based alloys 

[3]. It was also found through AES analysis that the 
interface region usually had higher alloying element 
concentrations (about 5-10% higher when alloying 
with Fe, Cr and W) than the region above the interface 
through AES analysis. 

Several types of carbide were also found such as 
diamond-shaped (Fig. 4a), unfaceted-block diamond 
type (Fig. 4b), acicular type (Fig. 4c), and cellular 
dendrite type (Fig. 4d). The formation of these types of 
carbide strongly seemed to be a function of the pre- 
heating temperature as well as the laser processing 
parameters. Because of the sparse information on the 
phase diagram of Fe-Cr-C-W alloys it was difficult 
to judge what the transition temperature for the phase 
change was. The transition temperature would be 
involved in causing the transformation of different 
carbides. 

3. 1.2. Differential thermal analysis 
DTA was carried out in order to obtain transition 
temperature information. A sample without preheat- 
ing was examined as shown in Fig. 5. This indicates 
that the transition temperature could be between 590 
and 610 ~ Although this temperature may be only 
one of the transition temperatures for this particular 
alloy, such information could give some ideas for 
predicting the preheating effect. 

Fig. 6a and b compare the microstructures before 
and after DTA. This shows that the size of carbide 
precipitates significantly increases after DTA. The size 
of precipitates before DTA was about 2-3 jam but 
after DTA was about 8-10 gm. The heating and 
cooling process during DTA results in annealing of 
the microstructure. The microstructure before DTA 
shows sharp and random-directional phases due to 
the extremely high cooling rate, while the micro- 
structure phases after DTA were not so sharp com- 
pared to those before DTA. 

3. 1.3. SEM energy-dispersive X-ray analysis 
Initially SEM EDX analysis was performed in order 
to obtain volume fraction information for the car- 
bides. Just a little information about the carbides was 

Figure 3 Optical micrograph of the laser-clad region (sample 2-1). 

4464 



Figure 4 Carbide types from laser-clad Fe-Cr-C-W with preheated substrate: (a) diamond-shaped type (sample 7-2), (b) unfaceted-block 
diamond type (sample 1-1), (c) acicular type (sample 19-1), (d) cellular type (sample 8-2). 
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Figure 5(a, b) DTA results for sample without preheating: laser power 8 kW, beam diameter 3 mm, powder feed-rate 1.2075 gs- 1, traverse 
speed 1.693 cms ~. 

produced qualitatively. The results were listed quali- 
tatively as shown in Table IV. This shows an SEM 
EDX qualitative analysis for sample 1-1. From a 
survey of the spectrum the relative height of the 
spectrum was calculated and a qualitative concentra- 
tion obtained roughly. In fact, it was very hard to pick 
up the carbon spectrum line though EDX analysis 
because of the characteristics of SEM EDX, since 

EDX analysis uses the carbon spectrum line as one of 
the reference lines to detect the other spectrum lines. 

Nevertheless, some idea of the metal element dis- 
tribution in the carbides was obtained. Through this 
analysis it was deduced that blocked but unfaceted 
carbide was rich in Fe, while the phase between 
blocked but unfaceted carbides was comparatively 
rich in Cr. In particular the phase between the 
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Figure 6 Comparison of microstructure (a) before and (b) after 
DTA for sample without preheating. 

unfaceted-block carbides showed higher Cr and W 
concentrations than the unfaceted-block carbides. 
Fig. 7 shows the corresponding spectrum survey res- 
ults, and Fig. 8 presents the corresponding SEM 
microstructure of sample 1-I. 

3. 1.4. Auger electron scanning analysis 
In order to investigate the microchemistry of the clad 
region of the Fe-Cr-C-W semi-quantitatively, AES 
analysis was carried out. The blocked diamond-like 

carbide obtained from SEM microanalysis was exam- 
ined to get the element atomic concentration and 
carbide compositions. 

Table V with Figs 9-12 present a summary of the 
AES analysis for sample 19-1. Extracting the W ele- 
ment peak line from the AES survey was difficult due 
to the amount of W (1.6 at%) and the characteristics 
of the W element line in AES analysis. However, it 
could be assumed that the effect of W was negligible in 
the overall metal atomic concentration for prediction 
of carbide compositions because of its small amount. 
It was also found that point surveys to detect element 
compositions are affected by the sputtering time of the 
AES microscope as shown in Table V, due to the 
characteristics of AES analysis (surface analysis). 

Many different carbides such as M7C3, M6C, 
M a 3 C  6 as  well as MCz, MC were detected under the 
assumption that W is negligible when calculating the 
volume fraction of metal alloying concentration 
(Table V). In particular, more than 50% carbon con- 
centration was observed at high-carbon areas in the 
AES C map (Table V points 5 and 6 of area 1, and Fig. 
10). These regions contained just a small amount of 
Cr, while they were rich in iron. Thus, the carbide 
precipitates were assumed to have (Fe, Cr, W) Ce type 
composition. Previous TEM analysis of the carbides 
from laser-clad Fe-Cr -W-C alloy without preheating 
also provided an indication of this possible structure 
[9, 17]. 

Diamond-shaped carbide precipitates, as shown in 
Fig. 10, were determined to be MTC3-type carbide. 
The diamond-shaped carbide precipitates were found 
to be rich in Fe element and also to have about 
18-20 at % Cr (Table V points 1, 3 and 4 of area 1, 
and Fig. 10). Please note that these diamond shaped 
carbides look morphologically different than that re- 
ported in [2]. Carbides in this study lost the sharp 
edges evident in the previous study. This may be due 
to the preheating utilized in this study. Reduced 
cooling rate due to preheating seems to have also 
changed the composition from M 6 C  , as  reported in 
[2], to MTC 3. 

Acicular-type carbide precipitates, as shown in Fig. 
11, were also examined and concluded to be MC-type 
carbide. (Table V points 1 and 2 of area 2, and Fig. 11). 
Point surveys in between acicular-type carbides were 

TABLE IV SEM EDX qualitative analysis (sample 1-1) 

Position Relative height of spectrum Qualitative concentration (%) 

Fe Cr W C Fe Cr W C 

Remarks 

l 9.9 2.5 0.4 - 77.3 19.5 3.2 
2 >13.4 10.2 11.9 0.25 - - - 
3 12.6 4.1 0.6 - 72.8 23.7 3,5 
4 10.7 33 0.37 76 21.3 2.7 
5 7.4 4.54 0.7 58.5 35.9 5.6 
6 10.5 2.9 0.4 - 76.1 21 2.9 
7 10.8 2.9 0.5 - 76.1 20.4 3.5 
8 5.35 6.15 0.75 - 43.7 50.2 6.1 
9 9.65 2.5 0.4 - 76.9 20 3.1 

10 6.15 5.1 0.75 - 51.2 42.5 6.3 
11 9.5 2.5 0.4 - 76.6 20.2 3.2 

Blocked, non-faceted 
Fine dendrite type 
Blocked, non-faceted 
Blocked, non-faceted 
Fine dendrite type 
Blocked, non-faceted 
Blocked, non-faceted 
Fine dendrite type 
Blocked, non-faceted 
Fine dendrite type 
Blocked, non-faceted 

4466 



also carried out and detected MC-type carbide pre- 
cipitates. However, acicular-type carbides (Table V 
point 1 of area 2) were richer in Cr but lower in Fe, 
comparatively, but the area between acicular-type 
carbides (Table V point 2 of area 2) was found to be 
low in Cr and richer in Fe. The distribution of carbon 
in the clad region, as shown in Fig. 11, was uniform 
throughout the AES maps. 

The same logic related to latest heat was brought to 
bear to understand the atomic concentration distribu- 
tions of carbides associated with material processing 
parameters as reported by Li and Mazumder [16] and 

Singh and Mazumder [3]. Near the interface between 
clad alloy and substrate, the latent heat energy re- 
leased during the cooling process plays a big role with 
respect to the substrate. This latent heat energy can 
not only melt an additional layer of the substrate but 
also affect the carbide concentration during solidi- 
fication. Since the power density, an important overall 
processing parameter, alters the latent heat energy 
which affects the substrate, the amount of remixing 
layer and the carbide concentration in the clad can be 
affected by the latent heat energy. It is also shown that 
the additional effect of preheating could enhance the 
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metal alloy concentration in the clad region with 
exposure for enough time to allow diffusion, especially 
above the phase transition temperature. 

Since the carbide types are affected by power den- 
sity as well as preheating temperature, one has to 
consider both effects to control the evolution of micro- 
structure. It was observed that a higher power density 
leads to a higher alloying concentration of metal M 
near the interface and less in the middle of the clad, as 
long as there is no keyholing. However, it was also 
found that a preheating temperature above the phase 
transition (about 600 ~ in this case from DTA aria- 
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Figure 7 continued. 

lysis) could affect the metal alloying concentration, 
possibly due to solid-state diffusion, i.e. it reduced the 
metal alloying concentration compared to that with- 
out preheating. 

3.2. M i c r o h a r d n e s s  ana lys i s  
Microhardness analysis was carried out to understand 
the hardness distribution in the cross-section of the 
laser-clad region. The interface areas in the clad region 
show higher hardness values (850 H v without pre- 
heating, 800 H v with preheating) (Fig. 13). These are 
higher values than those which Singh and Mazumder 
[3] reported for F e - C r - M n - C  alloy. In general the 
heat-affected zone (HAZ) near the interface has higher 
hardness values than in the lower substrate, due to the 
finer grain sizes resulting from the higher cooling rate 
associated with transformation of the microstructures. 
Fig. 13 shows the hardness distribution for a sample 
which was not preheated. No significant drop of hard- 
ness was found through comparing the preheated with 
the non-preheated samples. 

The hardness distribution in terms of preheating 
temperature (Fig. 14) was plotted to understand the 
role of preheating temperature in hardness distribu- 
tion. Although it is difficult to deduce the role 
of preheating temperature, it was observed that the 



Figure 8 SEM micrograph of sample 1-1. 

preheating temperature could affect the hardness 
distribution considerably compared to the samples 
without preheating. Due to lack of metallurgical in- 
formation, exact results concerning the role of pre- 
heating temperature could not be obtained, but de- 
tailed analysis will be carried out and reported in the 
near future. 

The hardness distribution as a function of power 
density (Fig. 15) was obtained to understand the 
influence of the overall laser processing parameter. 

The results show that the average hardness increases 
as the power density increases; this is explained by the 
fact that, based on the laser cladding mechanism [16], 
a higher power density will lead to a lower cooling rate 
which in turn produces a larger carbide grain size. 
Thus the large carbide precipitates will affect the 
carbide distribution in the matrix to give a higher 
hardness value. In addition to this carbide size effect, 
the dissolution of W in the carbide precipitates could 
contribute to enriching the metal concentration of 
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TABLE V Summary of AES analysis (sample 19-1)" 

Element concentration (%)b Compositions 
of positions 

Area Point C a 01 Cr 2 Fe 3 Metal Carbon Carbide Sputter 
No. No. (%) (%) type c time 

(min) 

Description of point in 
area 

1 1 25.10 27.62 18.17 29.12 65.3 34.7 MTC s 5 
2 9.89 24.96 5.61 59.54 86.8 13.2 M6C 5 
1 13.34 33.09 9.80 43.77 80 20 M23C 6 40 
2 15.71 27.36 4.98 51.95 78.4 21.6 M23C 6 40 
3 20.86 30.62 17.75 30.77 69.9 30.1 MTC s 40 
4 19.86 30.12 19.25 30.81 71.6 28.4 MTC 3 40 
5 54.52 19.86 0.94 24.67 32 68 MC 2 40 
6 52.86 23.08 5.75 18.31 31.3 68.7 MC 2 40 

2 1 52.77 8.20 18,78 20.25 43 57 MC 40 
2 46.55 6.99 8.25 38.20 50 50 MC 40 

Dark, blocked 
Light, smooth 
Dark, blocked 
Light, smooth 
Dark, blocked 
Dark, blocked 
High carbon area after C map 
High carbon area after C map 

Acicular type carbide 
Point between acicular carbides 

F e - C r - C - W  (10 : 4: 1 : 1 wt%, 51.9 : 22.3 : 24.2 : 1.6 at%). 
b The tungsten peak is hard to detect. 
c Carbon/metal percentages as follows: M3C 25/75, M6C 14.3/85.7, M7Cs 30/70, M23C 6 20.7/79.3. 

Figure 9 (a) SEM micrograph of sample 19-1, and AES maps for (b) Fe, (c) Cr and (d) C. 

carbides, because the W concentration is enhanced as 
the power density increases. Also, the hardness near 
the interface generally shows a higher value than the 
average hardness of the entire cladding area, as al- 

~,~:~ . 

re~dy observed and explained from the claddmg 
mechanism based on heat and mass transfer during 
the interaction. 

3.3. Wear analysis 
Wear tests were carried out to study the tribological 
characteristics for laser-clad F e - C r - C - W  alloys. A 
data set for this wear test is provided in Table VI. The 
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widths of the wear scars obtained from wear tests give 
a relative measurement of the wear resistance. The 
range of average wear scar was generally between 0.30 
and 0.55 mm after a 1 h run. These data show better 
wear properties than the data for F e - C r - M n - C  laser 
cladding already obtained by Singh and Mazumder  
[3] and Eiholzer et al. [1]. Fig. 16 shows a typical 
wear scar. The scar width was found to depend upon 
laser processing parameters such as power density, as 
shown in Fig. 17. 

Fig. 17 shows the friction and wear of a laser-clad 
surface as a function of power density. The wear scar, 
generally associated with the friction coefficient, is 



Figure 10 (a) SEM micrograph of area 1 of Fig. 9, and AES maps for (b) Fe, (c) Cr and (d) C. 

Figure 11 (a) SEM micrograph of area 2 of Fig. 9, and AES maps for (b) Fe, (c) Cr and (d) C. 

observed to be dependent on power density as well as 
specific energy, and both are overall laser processing 
parameters. This can be explained by saying that a 
lower power density or lower specific energy input 
brings a higher cooling rate which, in turn, produces a 
finer microstructure with better wear [16]. This tend- 

ency, that a low power density is better for wear 
characteristics, must be opposite to the tendency in 
the hardness that a high power density leads to a 
relatively high hardness distribution, already de- 
scribed in previous results. Thus, one might control 
the laser processing parameters to have the proper 

4471 



10 I I I I I. I I I I I I " I I I I I I t / 

9 

8 

~ s 

~ 4 

3 Fe 

2 

1 C r  : ~  

O ,  I I I I I I I ,- I I I I I I I I I I I I 

60 134 208 282 356 430 504 578 652 726 800 

(a) Kinetic energy (eV) 

10 

9 

8 

7 

"i' i Fe C r + O  0 
! 

2 C F e  

1 ~ Fe F e  

O ,  I I I I I t I I I I I I I I I I I I 

60 134 208 282 356 430 504 578 652 726 800 

(b) Kinetic energy (eV) 
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clad which is desired in a certain situation. However, 
this may not be easy but needs optimization of the 
processing conditions to satisfy both hardness and 
wear requirements. 

The friction coefficient as a function of sliding dis- 
tance was also investigated as shown Fig. 18, from 
which it could be observed that the friction coefficient 
is high initially and is stable after reaching a certain 
sliding distance. The friction coefficient was also fairly 
low, which is desirable. This might be attributed to the 
fact that the test was done under lubrication. The 
steady-state friction coefficient, although there is a 
limiting value, tends to reduce as the laser power 
decreases, which means that the friction coefficient 
could also be controlled by the laser material pro- 
cessing parameters. 

It seems that the overall wear properties of laser- 
clad F e - C r - C - W  show better tribological char- 
acteristics to give enough advantages to replace 
conventional alloys, as already indicated in the paper 
of Eiholzer et al. [1]. 

4. Discussion 
The first step to improve the laser-clad F e - C r - C - W  
alloy was the elimination of cracks in the clad during 
the laser-cladding process. The main reason for crack- 
ing seemed to be the extremely high temperature 
difference between the melting pool, which exists in 

the alloying state (Fe, Cr, C, W) at high temperature, 
and the substrate at room temperature. During the 
solidification process the interface with the clad would 
be solidified first, i.e. the solidification front would be 
in the interface due to melting-point differences be- 
tween alloying elements and substrate as well as the 
huge temperature difference. This extreme temper- 
ature gradient causes considerable amounts of ther- 
mal stress, and then leads to cracks during the cooling 
process. In order to avoid these undesirable cracks a 
preheating process was selected because it could re- 
duce the high temperature gradient which results in 
high thermal stresses. Thus the use of a preheated 
substrate before laser irradiation would eliminate the 
tensile solidification stresses; however, the preheating 
temperature could also lessen the advantage of laser 
processing, as it could reduce the extreme temperature 
gradient which leads to a non-equilibrium process. 
Nevertheless there would exist certain temperature 
ranges to obtain a crack-free clad without any signif- 
icant losses of the advantages of the laser cladding 
process. In this research it was found satisfactory to 
obtain a crack-free c lad  in the temperature range 
550-600 ~ This range could also be changed through 
the processing conditions or alloying composition. 

The laser processing parameters affect the clad 
properties. In terms of microstructures in the laser 
cladding area, laser power density, which is an overall 
processing parameter, could control the size of car- 
bides. It was observed that the carbide size increases 
with increase of laser power density. The microhard- 
ness measurement revealed that increasing laser po- 
wer density leads to an increase in hardness because 
large carbides, which affect the hardness values, would 
be dominant and their distribution density would be 
increased due to the high laser power density. In 
contrast, the width of wear scar, which is one of the 
characteristic wear parameters, was found to increase 
with increasing laser power density. The friction coef- 
ficient also showed the same characteristics as the 
wear scar. Thus it would be recommended that a 
lower laser power density has advantages in terms of 
wear scar and friction coefficient because it brings a 
distribution of smaller carbides in the matrix phase, 
and thus less wear scar and a lower friction coefficient, 
as already mentioned in the previous section. 

It has been observed that higher power density 
leads to higher average hardness, as already shown in 
Fig. 15, while lower power density or lower specific 

TABLE VI Sample data set for wear test 

Sample Laser Beam Traverse Powder 
No. power dia. speed feed-rate 

(kW) (ram) (ram s -  1) (g s -  1) 

Preheat Specific Power Wear Friction 
temper- energy density scar coeffi- 
ature (10 '~ J cm - z) (104 W c m -  2) (mm) cient 
(of) 

1-1 3 4 9.31 0.5368 
2-1 5 4 11.85 0.5368 
7-2 4 4 10.58 0.5368 
8-2 4 3 11.85 0.5368 
13-I 3 3 11.43 0.5368 
16-1 4 4 10.58 0.5368 
19-3 4 4 11.01 0.5368 

600 0.805 1.875 0.3 0.1 
612 1.0546 3.125 0.45 0.113 
698 0.94475 2.5 0.35 0.114 
700 1.1248 4.44 0.55 0.112 
426 0.86625 3.3 0.35 0.109 
298 0.94475 2.5 0.35 0.11 
513 0.9085 2.5 0.4 0.111 
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Figure 17 ( t )  Friction coefficient and (fi3) wear scar of laser-clad 
surface as a function of power density. 

energy produces better wear properties, with a smaller 
wear scar, as shown in Fig. 17. Thus it may b~ 
questioned which processing parameters are reason- 
able to get the synthesis of F e - C r - C - W  with good 
microhardness and tribological characteristics, One 
worker may choose lower power density values but 
another may choose somewhat higher values although 
the difference of power density level is not so large. 
There would be optimal ranges to get a desirable laser 
clad. Nevertheless, it may not be easy to find the 
proper processing conditions at one time, because the 
laser cladding process is an entirely non-equilibrium 
process. Therefore, in order to get successful cladding 
results, it should be understood that carbide forma- 
tion, the key factor to affect the properties in this 
research, is closely associated with laser processing 
parameters as well as cooling temperature. In addition 
one should check the effects of preheating during the 
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Figure 18 Friction coefficient as a function of sliding distance 
(beam dia. 4 ram, powder feed-rate 0.5368 g s -1, traverse speed 
635 mm rnin-1): (2]) sample 1-1 (laser power 3 kW), ( t )  sample 2-1 
(laser power 5 kW), ( I )  sample 16-1 (laser power 4 kW), (~) sample 
19-3 (laser power 4 kW). 

process, because it sometimes gives abnormal condi- 
tions which are undesirable when not well controlled. 
However, one might determine process parameters 
based on the trade-off between hardness and wear. 

The general microstructural survey of the laser 
cladding area shows very different and complex types 
of carbide which depend upon the laser processing 
conditions such as laser power and beam diameter, as 
well as the preheating temperature. Another import- 
ant thing from the metallurgical point of view is the 
concentration or volume fraction of the carbides. In 
order to summarize the metallurgical characteristics 
of this alloy, a knowledge of the carbide formation is 
imperative. In general, carbide types were various as a 
function of the process parameters because of the 



nature of this non-equilibrium process. It was con- 
cluded from the SEM and AES analyses that the 
formation of carbides should be considered with re- 
gard to both laser processing conditions and cooling 
rate or preheating temperature in this case. 

Both diamond-shaped carbides and acicular-type 
carbides were found to show good characteristics in 
terms of both the hardness distribution and the wear 
resistance. They also indicated a high metal volume 
fraction which could form the M6C or M23C 6 type of 
carbide observed in the metallographical analyses 
(SEM and AES). On the other hand, unfaceted-block 
carbides were observed to contain a high carbon 
concentration which could form the MzC 3 or MzC 5 
type carbides. It could be expected that the dissolution 
time for metal elements such as Cr or W, which could 
enhance the carbide concentration and give a better 
hardness distribution and wear resistance, could be 
used to control the carbide formation. Matrix phases, 
which are relatively lower in alloy concentration, 
could be soft enough to offer a damping effect. The 
dissolution time could be controlled by the traverse 
speed, also a laser processing parameter. If optimal 
power density and traverse speed are used, the metal 
elements have sufficient time to dissolve in the form of 
carbide precipitates which are rich in metals, in addi- 
tion getting a good wear resistance and adequate 
hardness distribution. 

Fig. 19 suggests that by controlling laser process 
parameters, for instance, power density or specific 
energy, the solid solubility of the metal elements in the 
matrix as well as the carbides could be manipulated. It 
was constructed on the basis of microstructure ana- 
lysis results (AES and SEM EDX). The same kind of 
observation was made for Fe-Cr-Mn-C alloy [3]. 

Clad thickness and width also can be determined by 
controlling laser processing parameters such as beam 
diameter. For instance, it can be clearly proved that a 
4 mm beam diameter gives a lower clad thickness than 
3 ram, i.e. the clad thickness can be controlled by 
material processing parameters. 

As a result, one should understand the importance 
of laser processing parameters which significantly af- 
fect the microstructure as well as the microchemistry 
of the clad in order to obtain good wear properties 
with a desirable hardness distribution. However, it 
may require careful experimentation to yield the opti- 
mal combination of processing parameters. 

5. Summary and conclusions 
The effects of process parameters and preheating tem- 
perature on the microstructure and properties of laser- 
clad Fe-Cr-W-C alloys are discussed. The most 
important conclusions from this study are as follows: 

1. Control of the cooling rate by preheating is 
essential to form a crack-free clad for such alloys with 
a high concentration of carbides. 

2. The composition and volume fraction of carbides 
can be controlled by controlling the preheating tem- 
perature, power density and traverse Speed. 

3. Diamond-shaped M6C-type carbide seems to 
promote better wear resistance. However, many types 
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Figure 19 Atomic concentration of carbide as a function of power 
density: (.~) concentration of metal alloying, (~) concentration of 
carbon. 

of carbide such as M7C3, M23C6, MC2 and MC are 
observed. 

4. Higher power density leads to large carbide pre- 
cipitates, resulting in high hardness but relatively 
lower wear resistance. 

5. Lower power density leads to finer carbide pre- 
cipitate, resulting in better wear resistance. 

6. Carbides near the interface are generally metal- 
rich. 

7. Selection of optimum process parameters is 
necessary to obtain a trade-off between wear and 
hardness. 

As earlier studies have indicated, these laser-clad 
Fe-Cr-C-X (X = W, Mn, etc.) exhibit superior wear 
properties to cobalt-bearing Stellite alloys and offer a 
possibility for conservation of strategic materials 
[3, 173. 
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