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and SML was evaluated by the Rietveld refinement method us-
ing the FullProf software package. Additionally, the amount of 
TiC and cementite were calculated from micrographs by mean 
of the Carl Zeiss digital image processing software.

Microhardness profiles on traverse section of TRLs were 
measured using Wilson Wolpert 401 MVD Vickers hardness 
tester with a 200 g load for a dwell time of 10 s.

3. Results and discussion

The results indicated a general trend towards increasing the 
maximum titanium powder feed rate (MFR), providing the uni-
formly alloyed SAB, with increasing heat input (HI) level. Fig. 3 
presents the relationship between the HI and the MFR. However, 
it should be noted that the increase in HI leads simultaneously to 
the higher fusion area of the SAB. As the result, the maximum 
Ti content in the SAB, was in the range of  5.0-6.0 wt.%. The 
increase of the powder feed rate above the upper limit (marked 
by dashed line on Fig. 3), at given HI level, results in an ag-
glomeration of TiC particles at the SAB centre, leading to the 
formation of voids and micro cracks, Fig. 4.

The limitation of the titanium powder feed rate is considered 
to be related to the character and the intensity of the fluid flow 
in the molten pool. It is known that the pattern of the fluid flow 
in the molten pool, which is introduced and controlled by the 
surface tension gradient, determines both fusion zone shape and 
uniformity of its composition [19]. The cross-sectional macro-
graph of the SAB, presented in Fig. 5a, indicates that, during 
the investigated LSA process, the  surface tension temperature 
coefficient on the molten pool surface was positive. In such 
a case, the  surface tension is highest at the center of the molten 
pool and produces fluid flow inward along the surface of the 
molten pool [20]. As a result, the SABs have hemispherical shape 
in cross section. Furthermore, the increase in the laser power, 
at given traverse speed, leading to higher fluid flow velocity in 
the molten pool driven by the surface tension gradient, results 
in concave bead profile and deeper fusion at the center. The 
above proposed mechanism of heat and mass transfer in the 
molten pool has been confirmed by EDS line-scan analysis col-
lected on the cross-section of the SAB produced at the alloying 

conditions no. T6 (Table 2), Fig. 6. A composition profile taken 
at mid depth of that SAB along line parallel to the bead surface 
revealed Ti  enrichment in the center of the bead, whereas the 
depth profile shown homogeneous distribution of Ti. The above 
observations are in good agreement with the metallographic 

TABLE 2

In fluence of process parameters on the Ti content and TiC fraction in the TRLs (in the optimal range of processing parameters)

Processing 
condition no.*

Laser power
(W)

Traverse speed
(mm/s)

Heat input**
(J/mm)

Powder feed rate
(mg/mm)

Total Ti content in the TRL
(wt.%)

Fraction of TiC in the TRL
 (vol.%) 

T1 1200 1.66 720 7.5 8.1 ± 0.80 13.9 ± 1.4
T2 1200 3.33 360 1.5 3.8 ± 0.33 6.6  ± 0.6
T3 1200 3.33 360 3.0 5.9 ± 0.54 9.7 ± 0.9
T4 1200 3.33 360 4.0 6.8 ± 0.66 11.4 ± 1.1
T5 1200 4.16 288 4.0 6.7 ± 0.71 11.6 ± 1.5
T6 1200 2.50 480 4.5 7.2 ± 0.77 12.2 ± 1.0
M1 1200 1.66 720 — — —

Remarks: *T and M stand for the TRL and SML fabricated at an overlap ratio of 50%, respectively; ** defined as the laser power divided by the traverse 
speed.

Fig. 3. Effect of the HI level on the upper limit of powder feed rate 
providing the uniformly alloyed SAB

Fig. 4. SEM micrograph showing defects in the SAB produced at the 
HI of 360 J/mm and powder feed rate of 5.0 mg/mm
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a)

b)

Fig. 10. SEM micrographs taken from the mid-section of the TRLs 
produced under processing conditions no.: (a)T2; (b) T4, Table 2

a)

b)

Fig. 11. XRD patterns of the TRL (a) and SML (b) produced under 
processing conditions no. T6 and M1, respectively, Table 2

Fig. 12. Microhardness profiles on the cross section of the TRLs pro-
duced under condition no. T2, T4 and T5 with overlap ratio of 50 %, 
Table 2

The microhardness measurements of the TRLs well cor-
relate with the above microstructural characterisation, Fig. 12. 
Generally, the hardness of the TRLs is directly dependent on the 
fraction of cementite, which in turn is connected with Ti content.  
The SML which contain the highest fraction of cementite has 
the average hardness value of 800 HV. In the case of TRLs, the 
average hardness decreases gradually with the increase of Ti 
content. The TRL with the highest Ti content (~8 wt%), that is, 
the highest TIC fraction has the average hardness of 650 HV.

4. Conclusions

The in-situ TiC-reinforced composite surface layers on the 
ductile cast iron substrate having the uniform distribution of TiC 
particles were achieved by diode laser surface alloying with 
a pure titanium powder. The TiC fraction in the TRLs is directly 
connected with the Ti concentration in the molten pool. In turn, 
the uniform distribution of TiC occurs at uniform Ti distribu-

tion in the molten pool. The highest Ti concentration providing 
uniformly alloyed TRLs was found to be approx. 8 wt.%. The 
resulting TRL contained 13.9 vol.% TiC. The limitation of Ti 
concentration in the molten pool is associated with the in tensity 
and pattern of the fluid flow in the molten pool. With increasing 
Ti concentration in the molten pool, the volume fraction of TiC 
increases, whereas the cementite fraction decreases. Because of 
its high thermal stability, the TiC phase promotes a heterogeneous 
nucleation of primary austenite grains, what reduces a cracking 
tendency of the TRL. Morphology and size of TiC particles are 
directly dependent upon both the Ti concentration in the molten 
pool and also solidification rate.




