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Experimental characterization of laser cladding of Stellite 21 on H13 
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The repair of dies and molds by using additive manufacturing techniques such as laser cladding 

(LC) is an important and emerging trend in tooling industry today. LC provides an alternative to the 
traditional deposition techniques. In order to enhance the die life, it has been observed that cladding 
based repair is superior to welding or thermal spraying repair techniques. In this paper, experimental 
study of laser cladding of H13 has been carried out. Stellite 21 steel powder has been deposited on 
H13 tool steel plate for repairing the die surface damage using a diode laser in conjunction with 
powder injection system. The microstructure of laser cladded samples has been characterized using 
optical microscope (OM) and scanning electron microscope (SEM). Additionally, micro-hardness and 
wear tests executed to understand performance of clad-substrate system. 
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Експериментално характеризиране на Stellite 21 лазерно покритие върху H13 

инструментална стомана (Пракаш Катире, Валмик Бхала, Сандееп Тхакаре,Райкумар 
Сингх) Лазерното покриване (ЛП) е важна, нововъзникваща адитивна производствена 
технология при поправката на шанци и матрици. Тя предоставя алтернатива на 
традиционните техники, базиращи се на отлагане. За да се повиши живота на шанците е 
било наблюдавано, че поправките, проведени с технологията на лазерно покриване са по-добри 
от тези проведени чрез заваряването или термично пръскане. В тази работа е извършено 
експериментално изследване на лазерно покриване на H13. За поправката повърхностна 
повреда на H13 инструментална стоманена плоча е бил отложен слой стоманена пудра 
Stallite 21, чрез използването на диоден лазер, в комбинация с прахова инжекционна система. 
Микроструктурата на лазерно покритите проби е характеризирана, чрез оптичен микроскоп 
(ОМ) и сканиращ електронен микроскоп (СЕМ). Освен това тестове за микро-твърдост и 
износване, изпълнени, за да се разбере работата на облицовъчната система. 

 

Introduction 

The localized damage of molds and dies used in 
hot and cold working industry due to cyclic thermo 
mechanical loading is a matter of serious concern. The 
fatigue related issues are common initiators of failure 
for high cost dies used in the automobile industry. 
These dies are subjected to cyclic and repeated 
thermo-mechanical loading resulting in localized 
damage such as fatigue, corrosion and wear [1]. 
Therefore, it is imperative to repair and restore these 
worn-out or damaged high cost components so as to 
extend the service life and thereby, reduce the overall 
cost multiple times [2]. 

Laser Cladding (LC) or Laser Engineered Net 
Shaping    (LENS)   are   defined  as  Directed  Energy  
 

Deposition processes, according to ASTM F42 
standard, in which multiple layers of clad are 
deposited over a substrate [3]. 

As shown in Fig. 1, high power laser beam is used 
to create a molten pool on base material and then 
powder material is injected into the molten pool by 
using nozzles. Delivered powder at laser beam spot is 
absorbed into the melt pool and creates deposit [4]. A 
strong interfacial bond with minimum dilution 
between the material layers is a pre-requisite of the 
process. This is because clad dilution, which in 
generally is considered as contamination of deposited 
layer with the substrate material, can alter the 
mechanical and metallurgical properties of the clad. 
Moreover, laser cladding generates a relatively narrow 
dilution and heat affected zone (HAZ).   
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Fig. 1. Basic laser engineered net shaping process [4]. 

Several physical phenomena influence the quality 
and integrity of the final cladded component. These 
are the melt pool morphology, microstructure 
evolution and residual stress generation [5, 6]. 
Characterization of microstructure of the clad, 
dilution, heat affected zone and substrate has been 
extensively reported in literature. However, these 
studies have been mainly restricted to Tungsten 
Carbide-Cobalt powder, Stellite 12, Stellite 6 and 
Tungsten Carbide [7]. In addition to the above 
microstructural analysis of various metal matrix 
composite (MMC) such as metallic tool steel M2, 
Stellite 21, NiCrBSi-alloy and Inconel 625 and 
selective laser melting (SLM) has also been reported. 
These studies have reported phase and elemental 
investigation, using Energy dispersive scattering 
(EDS) and X-ray diffraction analysis along with 
micro-hardness analysis [8, 9]. 

This work primarily focuses on an experimental 
characterization of laser cladding process of Stellite 
21 powder on H13 tool steel substrate for potential die 
restoration applications. Consequently, comprehensive 
metallurgical and mechanical characterization has 
been carried out which comprises of elemental or 
phase analysis, micro-hardness variation. 

Experimental 

A. Material selection 

H13 tool steel plates of 100 mm × 100 mm × 15 
mm were used as substrate, and Stellite 21 powder as 
the clad material. The substrate surface was polished 
and rinsed with acetone before laser treatment. The 
composition of the substrate material was determined 
using a spectrometer. Chemical composition of the 
substrate and the clad material obtained by chemical 
analysis, are listed in Table 1. Powder particles were 

globe shaped and the particle size ranged between 44 
μm and 104 μm determined by sieving analysis. 
 

Table 1 
Chemical composition of the studied sample 

Element 
Stellite 21 

(wt.%) 
H13 (wt.%) 

C 0.25 0.412 

Mn 1 0.383 

Si 1 1.067 

S - 0.003 

P - 0.019 

Cr 27 5.073 

W - 1.232 

Ni 2.5 0.942 

Mo 5.5 0.15 

Co Bal. - 

Fe 2.5 Bal. 

 

B. Experimental set up 

The experiments were carried out at Magod laser 
Machining Pvt. Ltd., Pune. Laser cladding was 
performed by 4 kW; Diode laser (make: Laserline, 
Germany), in combination with computer numerically 
controlled 5-axis motion stage and powder feeding 
system using argon as the carrier gas. The 
experimental set-up along with the 5 axis motion stage 
and laser head are shown in Fig. 2. The diameter of 
laser beam spot size on the work-piece (WP) surface 
was fixed at 3 mm which is defocused at a selected 
working distance of 18 mm. Argon was used as 
shielding gas, to prevent oxidation of the powder. 

 
Fig. 2. Experimental setup. 

Laser cladding is possible in power density 
between 80 W/mm2 to 122 W/mm2. Hence, with beam 
diameter fixed to 3 mm and given the above 
mentioned power density, the power required for laser 
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cladding experiments ranges from 1700 W to 2700 W. 

C. Experimental set up 

The three levels of laser power (P) used in this 
study were: 2000, 2350 and 2700 W. The optimum 
laser scanning velocity was determined at each laser 
power set by visual inspection, ensuring sufficient 
substrate wettability to create a very shallow melt pool 
on the surface of the test sample. Moreover, perfect 
bonding between the substrate and clad was also 
ensured. Based on preliminary experimentation, for 
scanning velocity is decided as 600, 800 and 1000 
mm/min and powder feed rate as 12, 16 and 20 g/min. 
detailed process parameters used in this experiment 
are shown in Table 3. To study the process, a L9 
Taguchi orthogonal array with two replications for 
each run was used. Three parameters with three levels, 
viz., laser power, powder feed rate and scanning 
velocity were used in the study as shown in Table 2. 

Table 2 
Factors and their levels 

Factor № Parameters Level 1 Level 2 Level 3 

1 Power (W) 2000 2350 2700 

2 
Scanning velocity 

(mm/min) 
600 800 1000 

3 
Powder feed rate 

(g/min) 
12 16 20 

Table 3 

Detail process parameters 

Sr. № Power (W) 
Powder feed 
rate (g/min) 

Speed 
(mm/min) 

1 2000 12 1000 

2 2350 12 800 

3 2700 12 600 

4 2000 16 600 

5 2350 16 1000 

6 2700 16 800 

7 2000 20 800 

8 2350 20 600 

9 2700 20 1000 

 
Following the experiments, a detailed 

metallurgical, geometric and mechanical 
characterization was carried out to find out optimized 
set of parameters for further study. For metallography, 
the transverse cross section of the cladded coating 
were cut to determine the characteristics of the 
coatings, the samples (previously etched with aqua 
regia etchant) were examined using optical 
microscopy, Hitachi S-3400N scanning electron 
microscopy (SEM). The Vickers micro hardness test 

was taken along the cross section of clad from surface 
to the core with the load of 200 g and time of 10 s 
using HMV-2 ver-3.03 micro hardness tester. 

 
Fig. 3. Wear test pin samples. 

Room temperature wear testing was carried out on 
pin-on-disk DUCOM make tribometer. The samples 
shown in Fig. 3 were manufactured from clad sample. 
This tribometer works on the Archimedes equation 
given below. 

(1)																			� =
∆�

���
 

where, k - wear rate in mm3/Nm, ΔV - the worn out 
volume of material (mm3), FN - Normal force and L - 
Sliding distance. 

Disk and sample pins were cleaned with acetone to 
avoid any surface contamination. Fresh disk track was 
used for every new experiment. Table 4 shows testing 
parameters which were used during wear testing. The 
results of wear testing reported in terms of weight loss 
of pins and wear rate. Weight loss of pins were 
calculated by taking weight of pin before and after 
testing whereas wear rate was calculated by using 
Archimedes equation as mentioned above. 

Table 4 
Testing parameters used for wear testing 

Load (N) 120 

Sliding velocity (m/s) 0.6 

Sliding distance (m) 1512 

 

Results and discussion 

A. Material selection 

The microstructural analysis using optical, was 
conducted for metallurgical characterization. First the 
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metallurgical analysis of Stellite 21 powder particles 
was carried out by using scanning electron microscope 
(SEM). Afterwards, optical and SEM analysis was 
carried out to evaluate geometrical features obtained 
in laser cladding process. SEM micrograph shown in 
Fig. 4 demonstrates the powder particle morphology 
used in laser cladding. The microstructure revels 
spherical morphology of powder (Fig. 4a) along with 
satellite feature where small particle adheres to the 
larger ones. Powder particle size was observed in the 
range of 90-150 μm. Furthermore EDAX analysis was 
performed which confirms high composition of cobalt 
and chromium (Fig. 4b). 

 
a) SEM micrograph of stellite 21 powder. 

 

b) EDAX analysis of powder.  

Fig. 4. SEM micrograph of stellite 21 powder with EDAX 
analysis. 

The laser cladding process was studied using L9 
Taguchi orthogonal array with two replications. 
Geometrical parameters of single pass clad are shown 
in Fig. 4. In general, it shows three distinct zones 

including clad zone, interfacial zone and heat affected 
zone. As shown in Fig. 5, interfacial zone lies in 
between clad and heat affected zone (HAZ). The clad 
zone forms due to LC process and interfacial and 
HAZ are produced due to thermal effect. H13 tool 
steel plates of 100 mm × 100 mm × 15 mm were used 
as substrate, and Stellite 21 powder as the clad 
material. The substrate surface was polished and 
rinsed with acetone before laser treatment. 

 
Fig. 5. Geometrical parameters of single pass clad [9]. 

The cross sectional macrographs of a series of 
single pass clad produced by varying laser power (P), 
powder feed rate (f) and speed (s) are shown in Fig. 6. 
Most of the produced clads exhibits good bonding 
with substrate and free from surface cracks. As can be 
seen from Fig. 6, an increase in laser power or heat 
input results in increase in level of dilution. Reduction 
of scan speed also shows same effect since it increases 
heat input. Whereas, increase in powder feed rate 
increases reinforcement (clad height) as shown in 
figure. According to visual examination of the surface 
and cross sectional view using optical microscope as 
shown in figure 6, most of the clads shown very low 
porosity. However few clads shown surface cracks 
due to the effect of sudden heating and cooling as the 
work piece was not preheated before cladding and 
also porosities due to the gas inclusions which are 
highly dependent of the solidification geometry. 

Typical dimensions of single pass clad produced 
by using different sets of parameters are clad height of 
0.2 - 1.2 mm and clad width of 3 - 3.5 mm with 
dilution varying from 11 to 19 %. Low dilution, high 
clad height with defect free surface was observed in 
single pass clad where laser power 2000 W, powder 
feed rate 16 gm/min and scan speed of 600 mm/min 
were used as process parameters (Fig. 6d). This is 
considered as optimized set of parameters for this 
deposition and the corresponding clad was considered 
for further characterization. 
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a) P = 2000, f = 12, S = 1000 b) P = 2350, f = 12, S = 800 c) P = 2700, f = 12, S = 600 

   
d) P = 2000, f = 16, S = 600 e) P = 2350, f = 16, S = 1000 f) P = 2700, f = 16, S = 800 

   
g) P = 2000, f = 20, S = 800 h) P = 2350, f = 20, S = 600 i) P = 2700, f = 20, S = 1000 

Fig. 6. The macrographs of single pass clad produced by using different parameters. 

  
Fig. 7. SEM images showing dendritic microstructure of Stellite 21 clad. 

 
Figure 7 shows SEM image of Stellite 21 clad 

obtained by optimized set of parameters. 
Microstructure clearly indicates typical fine dendritic 
microstructure as a consequence of laser cladding. 
The microstructure of the laser clad Stellite 21 is a 
hypoeutectic structure containing cobalt rich dendritic 
and chromium rich interdendrites. The composition of 
dendrites indicates super saturated solid solution of 

Co-Cr with specific orientations and interdendrites 
(white phase) along grain boundary as shown in Fig. 
7. 

B. Micro-hardness distribution 

A parametric study of the various process 
parameters was carried out to characterize the 
variation of clad characteristics. Furthermore, micro-
hardness variation along the cross section of the 
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cladded specimen was conducted to identify the 
applicability of the process for repair related 
application. Figure 8 shows the micro-hardness plot 
along the cross-section of the cladding material 
system. There are four regions corresponding to the 
above mentioned four zones in the micro-hardness 
plot. The hardness values decrease in the following 
order: clad zone (CZ), interface or dilution zone (IZ), 
heat affected zone (HAZ), and substrate region (base 
metal), respectively. 

The highest hardness value is obtained for the CZ 
with an average value of 746 HV. The average 
hardness value of the IZ is 704 HV. This is followed 
by the hardness drops in the HAZ with an average 
value of 631 HV. The hardness further decreases in 
the substrate showing an average value of 467 HV. 
This trend can be understood according to their 
microstructures of zones. 

In agreement with the microstructure results found 
in clad zone, it appears that the presence of cobalt rich 
dendritic and chromium rich interdendrites is 
responsible for higher hardness. The micro-hardness 
value of about 746 HV is achieved in cladding track, 
being 60 % higher than the substrate hardness mainly 
due to the presence of carbide in the CZ. However, the 
decrease in average hardness value in the IZ is not 
substantial in comparison with the CZ. This is due to 
reduced carbide precipitation in the IZ. The higher 
hardness in the clad and interface zones as compared 
to the base metal hardness highlights that the 
deposition of Stellite 21 on H13 tool steel via laser 
cladding is applicable for hard-facing of components. 

 
Fig. 8. Micro hardness plot of coating measured from 

surface to core of coated plate. 

C. Wear performance 

The wear performance of tool steels is very complex 
phenomenon and it not only depends on the hardness 
but also on the microstructure, process variables and 
properties of sliding materials. In the present research 

work, wear performance in terms of wear rate for heat 
treated and laser cladded material conditions is given 
in Fig. 9. 

 
Fig. 9. Wear rate comparison. 

The wear rate of laser cladding are significantly 
lower than conventional harden and tempered (HT) 
samples. It is clearly due to formation of cobalt rich 
dendritic and chromium rich interdendrites. Laser 
cladding of H13 with Stellite 21 reduces wear rate by 
71 % as compared to conventional harden and 
tempered (HT) sample. This comparison clearly 
indicates advantage of laser cladding of Stellite 21 in 
terms of wear resistance. 

Conclusions 

The current work is focused on a comprehensive 
metallurgical and mechanical characterization of 
powder injection laser cladding of Stellite 21 on H13 
tool steel. The metallurgical and mechanical 
characterization of the process lead to the following 
conclusions: 

 Three different zones are observed in the 
transverse section of coating: clad zone (CZ), 
interface zone (IZ) and heat affected zone 
(HAZ).  

 In the Clad zone fine dendritic structure having 
hypoeutectic structure containing cobalt rich 
dendritic and chromium rich interdendrites.  

 Micro-hardness analysis revealed that the 
hardness values decrease in the following order: 
CL, IZ, HAZ, and substrate, respectively. The 
highest hardness value is obtained for the CL 
zone with an average value of 746 HV.  

 Wear rate reduced by 71 % as compared to 
conventional harden and tempered (HT) sample 
because of high starting hardness and finer 
microstructure. 
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