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This paper illustrates the effect of three forming processes viz. laser forming, mechanical forming and a combina- 

tion process consisting of a laser forming step followed by a mechanical forming step, on the mechanical proper- 

ties of commercially pure titanium. All three processes resulted in samples having a similar final radius of 

curvature. Evaluation of the formed samples includes residual stress measurements, fatigue testing, Charpy im- 

pact testing, microhardness measurements and microstructure evaluation. All results were compared to the var- 

ious forming methods in order to determine which forming method is more suitable for which type of loading 

condition i.e. impact loading or cyclic loading. Fatigue testing of components produced by the various forming 

methods revealed that the laser forming process provided the best results when a high load was applied whereas 

at lower applied loads, the mechanical forming process showed the highest number of cycles to failure. Charpy 

impact testing done at room temperature and at a sub-zero temperature of − 40 C revealed that the laser 

forming process negatively affected the toughness of the material. Residual stress measurements showed that 

the laser forming process resulte'd in the highest value of surface relieved residual stress values compared to 

the other two processes. 

 

 
 

 

1. Introduction 

 

Titanium is mostly used in the aerospace industry due to its high 

specific strength and excellent corrosion resistance derived from its 

protective oxide film. Titanium and its alloys have been in use for 

more than fifty years in seawater and aggressive industrial environ- 

ments (Titanium: A Technical Guide, [8]). Since its inception in the 

mid-1980's as a means of producing ship hulls, the laser forming pro- 

cess (LF) has been studied by many academics and engineers in an effort 

to better understand the process mechanisms and its effect on the ma- 

terial [18,17]. LF makes use of a defocused laser beam to induce high 

thermal energy into a localised surface area of the material resulting 

in controlled elastic plastic distortion [21,20,22]. Industrial sectors 

such as the aerospace, automotive, electronics and shipbuilding have 

shown much interest in this application because of process flexibility 

and automation capabilities [14]. The laser bending process on titanium 

and its alloys have been studied by many researchers and the difficulties 

associated with the process due to titanium's low thermal conductivity 

and resultant sluggish response to laser treatments have been well doc- 

umented [15,23,5,19]. 
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This study is one of a series of investigations that emanates from the 

long term vision of possibly using thinner gauge material (laser formed) 

for similar safety requirements when compared to mechanically formed 

counterparts. Previous investigations undertaken on a pearlitic ferritic 

material showed enhancement of its mechanical properties and subse- 

quent fatigue behaviour [10,13]. The goal of this study is to investigate a 

similar enhancement in the mechanical properties and the process 

effects on commercially pure (CP) titanium (grade 2). This grade of 

titanium is mainly used for airframes, aircraft engines, marine chemical 

components, heat exchangers, condensing and evaporator tubing and 

has good formability, ductility, weldability and corrosion resistant 

characteristics (Titanium: A Technical Guide, [8]). Another goal was to 

compare three different forming processes viz. laser forming (LF), me- 

chanical forming (MF) and a combination of laser-mechanical forming 

(LMF) on the mechanical properties of titanium (grade 2). In addition, 

the process yielding the highest number of cycles to failure at high 

and low load settings is also determined. 

 

2. Laser and Mechanical Forming Setup 

 

The 2D forming of the titanium plate samples (200 mm × 50 mm) 

was carried out using a 5 kW CO2 Continuous Wave Trumpf laser sys- 

tem. Due to its long wavelength (10.6 μm) the sample surfaces were 

coated with a matt black spray (high temperature resistance) to ensure 
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maximum heat absorptivity. Although burn-off is evident after the first 

scan, the irradiated surface remains sufficiently dark to prevent reflec- 

tion of the laser beam. From previous reported work the fixed laser pa- 

rameters chosen were: (i) the laser beam diameter, (ii) the number of 

scans per location, (iii) the laser power, and (iv) interval spacing be- 

tween consecutive laser lines [9]. An open mould was used whereby 

ten samples were positioned adjacent to one another. The gap between 

the samples being approximately 2 mm resulted in an irradiation length 

of approximately 520 mm. The sequence pattern of laser line scans was 

generated from bottom to top and again from top to bottom, as indicat- 

ed schematically in Fig. 1. The 1st scan is indicated furthest to the left in 

Fig. 1. The 2nd scan was made furthest to the right, the 3rd scan was 

made adjacent to the 1st scan with a 50% overlap and the 4th scan 

was made to the left of the 2nd scan (also with a 50% overlap). This pat- 

tern was repeated until the final scan in the middle of the specimen. 

The appearance of the formed samples after laser irradiation in the 

open mould setup is shown in Fig. 2. A number of forming trials were 

conducted in order to establish the optimum laser scanning velocity 

for producing a bend of approximately 120 mm radius of curvature. 

The final forming parameters chosen for the production of the samples 

were a laser power of 1.5 kW; laser beam diameter (spot size) of 

12 mm; interval spacing of 6 mm; scanning velocity of 1.2 m/min; 

and six consecutive laser scans per line. The resulting behaviour of all 

samples was bending concave upwards towards the laser source. This 

behaviour was observed repeatedly as shown in Fig. 2. 

Mechanical forming (MF) was performed using a Rejva\Gosmeta 

mechanical bending press capable of a maximum force of 25 tons. The 

tool radius fitted to the mechanical press was 121.6 mm and that of 

the die radius was 118.4 mm. After setup of the mechanical press, the 

parent plate sample was inserted and fastened at each end to the fix- 

ture. After the mechanical press deformed the parent plate to a radius 

of approximately 120 mm, as shown in Fig. 3, the specimen was re- 

moved and inspected for any anomalies. 

The laser-mechanical forming (LMF) process utilises first the laser 

bending method and secondly the mechanical bending method. The 

laser forming process used is the same as described earlier, except 

that the number of scans per location was reduced to three. After the 

laser forming procedure was executed the average radius of curvature 

of the specimens was approximately 240 mm. Thereafter the mechani- 

cal forming procedure was employed to produce a final radius of curva- 

ture of approximately 120 mm. 

 
3. Evaluation Procedures 

 

Vickers microhardness testing was done using a 300 g load and a 

15 s dwell time and conducted according to (ASTM Standard E384-99, 

2002 [2], Standard test method for microindentation hardness of mate- 

rials , West Conshohocken, PA, [2], DOI: http://dx.doi.org/10.1520/ 

E0384-99, www.astm.org). Measurements were taken along the length 

of the laser formed samples as well as through the cross section of the 

thickness of the samples. 

Samples were prepared for metallographic examination by follow- 

ing standard preparation techniques. After electrolytic polishing, the 
 

 
 

Fig. 1. Laser line scan sequence. 

 

 
 

Fig. 2. CP Ti Grade 2 specimens irradiated in an open mould fixture. 

 

samples were etched in Kroll's reagent in order to reveal the microstruc- 

ture. Samples were removed from the centre position of the deformed 

sample in such a manner as to ensure that the region to be analysed cor- 

responds to the centre of the position of the fatigue sample to be ma- 

chined from the laser formed specimen. 

The radius of curvature was measured by a Mitutoyo profile projec- 

tor (PV-350) and manually verified through reverse engineering 

(drafting instrumentation). An arc length of 80 mm was chosen to as- 

certain the curvature as it spans the length of an hour-glass fatigue spec- 

imen to which these formed samples will be ultimately subjected. This 

arc length was taken as 40 mm to either side of the samples' mid- 

length, i.e. considering the middle section of the formed sample. 

Charpy impact samples were taken from each bending application as 

well as from the parent plate. Fig. 4 shows the positions where the sam- 

ples were removed. Substandard Charpy impact specimens were ma- 

chined and tested according to ASTM E23-02 [1]. Four samples were 

removed from a single specimen (as shown in Fig. 4) and tested at 

two temperature settings i.e. − 40 C and room temperature (21 C). 

Residual stress measurements were performed using the hole 

drilling method. The following predetermined parameters were 

used (material characterisation of laser formed dual phase steel 

components, [9]): 

• Drilling depth: 2 mm 

• Evaluation method: Polynomial 

• Number of incremental drilling steps: 20 

• Drilling federate: 0.2 mm/min 

• Delay time: 10 s 

A strain gauge was applied in the centre of the inner curve as it was 

previously determined that the maximum relieved residual stress 

magnitude corresponds to the inner surface. An EA-06-062RE-120 

type strain gauge was used for this study and mounted according to 
 

 
 

Fig. 3. Sample after mechanical formed process. 
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y = 3E-09x4 - 1E-05x3 + 0.0125x2 - 7.7224x + 2342.6 

R² = 0.9962 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Positions of Charpy V-notch samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Fatigue sample dimensions  wasted hour glass. 

the manufacturer's standard. After drilling, the eccentricity of the hole 

was measured and the principal stresses were calculated using ASTM 

E837-01 [4]. The Uniformed Stress Method [16] was used to compare 

the results obtained from the various samples. 

Fatigue specimens from all three bending methods and the parent 

plate were machined according to ASTM E466-96 [3] dimensions, as 

shown in Fig. 5. The width of the specimen in the center was measured 

to be 19 mm. The parent plate and mechanically bent samples were 

water jet cut (to ensure minimal microstructure damage/change) and 

machined down to specification. Laser-mechanical and laser formed 

specimens were laser cut followed by a final machining step to ensure 

smooth surfaces in the radius of the samples. 

 

4. Results and Discussion 

 
4.1. Bending Response Analysis 

 

In producing samples to ~ 120 mm radius of curvature (inside 

radius) a number of trials with varying laser scanning velocities were 

conducted. The overall bend angle achieved per scanned location was 

calculated at , taking the arc length and interval spacing into account. 

The line energy was altered by changing the scanning velocity (varying 

between 1 m/min and 5 m/min) and keeping the other process param- 

eters constant. The effect of line energy changes on both the radius of 

curvature and scanning velocity is shown in Fig. 6. The best fitted 

curve of the data plotted on Fig. 6 follows a polynomial function to the 

fourth degree and shows that it will be possible to produce samples 

with the same approximate radius of curvature using two different 

settings i.e. one setting with low line energy and one having high line 

energy. 

 
 

4.2. Microstructure 

 

The original microstructure of the CP Ti grade 2 consists of 

equiaxedalpha grains with an average grain diameter of 89.8 μm. The 
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Fig. 6. Effect of line energy on the average radius of curvature. 
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Fig. 7. Microstructure appearance of various samples. 

 

material was supplied in the hot rolled and pickled condition. The mi- 

crostructures observed are shown in Fig. 7. 

After laser forming (LF), the laser irradiated surface exhibited a 

microstructure consisting of very fine hexagonal martensitic phase 

(α′) i.e. acicular martensite. This type of microstructure is typical for 

quenched CP titanium as observed by Ganesh and Ramanaih in their 

study on the effect of quenching and ageing on the tensile strength of 

CP titanium [11]. Mechanically formed (MF) specimens showed evi- 

dence of deformation twin (lenticular) in the grains near the surface 

which was in contact with the forming die. The microstructure observed 

is consistent with the microstructure formed during hot rolling of CP 

titanium as reported by other researchers [12]. The microstructure of 

the laser/mechanically formed samples showed a combination of the 

microstructures observed for the single processes i.e. a fine martensitic 

structure with some deformation twins clearly visible in the equiaxed 

grains. The depth of microstructure change associated with the laser 

forming process was measured to be 313 μm (measured from the 

 

 
Table 1 

Relieved residual stress results. 

laser irradiated surface). Twinning due to the mechanical forming pro- 

cess was observed to an approximate depth of 870 μm (also measured 

from the laser irradiated surface). 

 
4.3. Mechanical Properties 

 

The maximum relieved residual stress values obtained, given in 

Table 1, are subject to errors below 10%, as specified by the Vishay 

Precision Group [16]. For the parent plate and all three forming process- 

es three samples were used to determine the maximum residual stress. 

It is evident that the laser forming process induced the highest level of 

tensile residual stresses into the material compared to the other forming 

processes (measured on the inner radius surface). 

The results of fatigue testing (zero mean stress conditions) at high 

and low loading conditions are given in Table 2. For the parent plate 

and Laser and Mechanical processes six samples were used for each 

load setting, whilst for the Laser/Mechanical process five samples 

were used per load setting. At both load settings the parent material 

performed the best with all the forming processes resulting in a de- 

crease in fatigue life irrespective of load magnitude. Considering only 

   the forming processes, the laser formed specimens performed superior 
    Forming process Maximum stress (MPa)   

Parent (P) 60,51 (  6) 

Laser formed (LF) 109,34 (  11) 

Mechanical formed (MF) 87,44 (  9) 

Laser/Mechanical formed (LMF) 87,76 (  9) 

at the highest load setting although it performed the weakest at the 

lowest load setting when considering fatigue testing. The improvement 

in fatigue resultant high load settings could be due to the fact that no 

twinning was observed after forming; therefore crack initiation was 

slower to develop. It has been documented that crystallographic 

 
Table 2 

Fatigue results (Nf = average number of cycles to failure). 
 

Sample/process Fatigue curve equations Fatigue life (high load 350 MPa) (Nf) Fatigue life (low load 231 MPa) (Nf) 

Parent (P) y = − 185.6ln(x) + 2328.9 45,420 88,115 

Laser (LF) y = − 113.9ln(x) + 1439.2 14,242 40,801 

Mechanical (MF) y = − 70.72ln(x) + 1008.6 11,281 64,504 

Laser/Mechanical (LMF) y = − 86.26ln(x) + 1168.2 13,382 55,998 

Parent (P) Laser 

formed (LF) 

Mechanically 

formed (MF) 

Laser/mechanical 

formed (LMF) 
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Table 3 

Results of impact (Charpy V-notch) testing. 
 

 

Room temperature − 0 C (  5%) 
 

  

Sample/process Impact, J/mm
2 

Impact, J/mm
2

 

Parent (P) 1.063 0.781 

Laser (LF) 0.541 0.453 

Mechanical (MF) 0.969 0.738 

Laser/Mechanical (LMF) 0.623 0.445 Fig. 9. Typical fatigue fracture surface appearance. 

Table 4 

Vickers microhardness results, (HV0.3). 

8 HV and can be considered as negligible as the Vickers micro-hardness 

test equipment has a deviation of 30 HV units. 

When all the properties are normalised against the values obtained 

   for the parent material i.e. parent material equal to a value of one, it is 

evident that all the properties measured deteriorated due to the 

forming processes. The comparative results in relation (ratio) to the par- 

ent material are shown graphically in Fig. 8. 

 

 

anisotropy has a strong influence on fatigue crack initiation [6]. It seems 

that microstructure is the most important factor to consider at high 

fatigue load settings whereas when considering the lower load setting, 

the residual stress magnitude seems to have a larger influence on fatigue 

crack initiation and propagation. The phenomenon of microstructure sen- 

sitivity was also encountered where an equiaxed microstructure achieved 

more cycles before failure than that of lamellar microstructures (Titani- 

um: A Technical Guide, [7]). 

The trend of deteriorated mechanical properties was also observed 

for impact testing. The results of Charpy V-notch impact tests at room 

temperature and at − 40 C are shown in Table 3. Four test samples 

were cut from one specimen of which two were used for the room 

temperature measurements and the other two for  40 C. Due to the 

Hexagonal Close-Packed (HCP) lattice properties, titanium does not 

exhibit a ductile to brittle transition temperature zone (as commonly 

observed for ferrous metals) (Titanium: A Technical Guide, [7]). 

Vickers microhardness testing showed that there was no significant 

difference in microhardness between the samples produced by the var- 

ious forming methods. The average results of Vickers microhardness 

testing are given in Table 4. 

For the parent plate and all three forming processes three samples 

were used to determine the Vickers microhardness. The LMF samples 

were further evaluated to determine whether there is a significant 

difference between the twinned region and laser irradiated region 

(i.e. fine martensite). The results revealed that the twinned region has 

an average hardness of 171.1 HV0.3 compared to the laser irradiated 

microstructure which exhibited an average hardness of 172.2 HV0.3. 

The maximum average difference between the forming processes is 

 
4.4. Fatigue Fracture and Secondary Fatigue Cracks 

 

Fatigue fracture surfaces of all the samples were characterised by 

multiple crack initiation sites with a relatively rough surface appearance. 

The typical appearance of a fatigue fracture surface (representative of all 

samples tested) is shown in Fig. 9. 

One fatigue sample (tested at high load conditions) from each 

forming process was evaluated by viewing the microstructure from 

the top surface i.e. normal to the original fracture path. This was done 

in order to determine whether the different type of microstructures ob- 

served influenced the crack path and amount of secondary fatigue 

cracks generated. The approximate position of microstructure evalua- 

tion in relation to the original fracture surface is shown schematically 

in Fig. 10. 

The top surface view (using a stereo microscope) showing the 

amount of secondary cracks (bright lines) and their orientation in rela- 

tion to the original fatigue fracture surface is shown in Fig. 11. The white 

arrows show the location of secondary cracks and the red arrows show 

the original fracture surface. It is evident that the laser formed sample 

showed a higher amount of secondary cracks that are aligned parallel 

to the original fatigue fracture surface. The LMF sample showed the 

least amount of secondary cracks. 

Further evaluation of the secondary cracks on the top surface of the 

fatigue samples showed that the secondary cracks did not follow the 

twin boundaries. It however seems that the twin boundaries influenced 

the direction of the crack path resulting in the jagged edges observed on 

the fracture surface. Scanning Electron Microscopy images of the top 

surface appearance are shown in Fig. 12. 

 

5. Conclusions 
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From the results obtained it is evident that the following conclusions 

can be drawn: 

• It is possible to produce the same radius of curvature by using two 

different sets of laser parameters for CP titanium within the approxi- 

mate range of 150 mm to 350 mm. 

 

Fig. 8. Comparative results in relation to parent material properties. Fig. 10. Position of evaluation for secondary cracks. 

Microscopy location area 

Original fracture surface 

Sample/Process HV0.3 

Parent (P) 176 

Laser (LF) 173 

Mechanical (MF) 177 

Laser/Mechanical (LMF) 169 
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Fig. 11. Appearance of original fatigue fracture surface together with secondary cracks. 

 

 
 

• All samples tested showed a similar trend in that the mechanical 

properties were decreased compared to the original parent material. 

• The resulting behaviour of all samples was bending concave upwards 

towards the laser source. 

• Even though there is no significant change in hardness of the samples 

produced by the various forming processes, there was a noticeable dif- 

ference in the appearance of the microstructure. 

• The mechanical forming process resulted in a lower value of surface 

residual stress than the laser formed samples. 

• There is no significant difference in fatigue results between samples 

produced by the various processes tested at a high fatigue load 

(350 MPa). 

• From the results obtained it would seem that at high fatigue load con- 

ditions, the microstructure is the dominant important factor whereas 

at low fatigue loads, the residual stress magnitude is the dominant 

factor. 
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Fig. 12. Appearance of secondary cracks normal to the main fatigue fracture surface. 
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