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Abstract

Laser polishing is a manufacturing process in which a small amount of material is melted via laser irradiation and molten pool is 

then redistributed to create a smoother surface finish/superior surface quality. The focus of this study is to generate more 

comprehensive understanding of the effects that laser and scanner control parameters have on the formation of laser polished 

lines. A parameter known as “Laser On/Off delay” is varied along with the laser power to study the impact that these parameters 

have on the synchronization between laser power and beam scanning velocity. It was determined through experimental analysis 

that the “Laser On delay” parameter plays a significant role on the formation of the laser polished lines, essentially in a region 

that is outside to the widely characterized “steady state” zone of constant track width. A set of experiments was conducted to 

identify the combined effect of transient (acceleration/deceleration) phases for laser power and speed on the terminal geometry of 

the polished line. When the optimal transient combination of power and speed was used, surface quality improvement by 83% 

(areal surface roughness (Sa) reduction from 1.35 µm to 0.23 µm) was obtained.

© 2017 The Authors. Published by Elsevier B.V.

Peer-review under responsibility of the Scientific Committee of NAMRI/SME.
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1. Introduction

The laser polishing of tool steels and metals in general have been around the manufacturing industry for more 

than a decade and a half. However, most of the knowledge of polishing processes is based around manual polishing 
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processes which are very time consuming and often require skilled workers to complete [1-3]. This is why, in recent 

years, laser polishing (LP) has become more widely used due to the ability to quickly and efficiently polish surfaces. 

Laser polishing is the process of using laser radiation to melt a very small layer of material creating a small molten 

pool which uses the physics of surface tension to evenly distribute the recently melted material across the surface 

and thus creating a much smoother surface finish [4].

Due to the fact that LP process is fairly new in comparison to many of the conventional processes used in the 

manufacturing industry, many aspects of the research surrounding the topic remain focused on process optimization. 

Often, when experimenting with the optimization of laser polishing parameters (power, scanning speed, focal offset, 

etc.), a so-called “line test method” is implemented. The line test method consists of producing a series of lines 

independent of one another, each with varying laser polishing process parameters [5-7]. This method creates a quick 

and extensive amount of data which can be, and often is, used to determine the parameters which will produce the 

best or required surface quality.

Fig 1: The topography of the steady state zone for a representative laser polished line

During the analysis portion of the line test experimentation, many researchers focus solely on the steady state 

zone of the laser polished line that is essentially characterized by a constant track width. As also suggested by 

Figure 1, the common steady state analysis generally precludes the inclusion of the transient ends of the polished 

line [7-9]. However, when conducting a set of line polishing experiments, it was noticed that, depending on the 

process parameters, the ends of the polished lines had geometric characteristics that were different from those of the 

steady state.

The slight alterations between the transient stage zone of the LPed line and the steady state zone may seem 

insignificant when considering a line test method experiment, but when placed into real world applications, the 

difference between the state zones may cause a decrease in the efficiency of the LP process because in most cases, 

the initial/final segments of the line also belong to the broader polished area. Typically, an industrial LP application 

will involve a requirement to polish an entire area on the surface of the product. Area laser polishing, however, 

simply consists of overlapping single LPed lines to cover the required area. There are many strategies for surface 

polishing, some of which are shown in Figure 2, many of which are similar to conventional pocket machining 

strategies [10, 11]. The linear method involves horizontal (or vertical) lines overlapping and can consist of all the 

lines being formed in the same way (ex. left to right) or altering directions. The inside-out (or outside-in) method 

consists of squares which get gradually larger (or smaller) and overlap until the area is filled. Finally, the diagonal 

method, although self-explanatory, consists of overlapping diagonal lines which, again, can all go in the same 

direction or altering directions each LPed line.

Although all of these methods differ from one another, they all have a common aspect which is that the 

beginning/ends of each line produced interacts with the beginning/end of the previous line that was made in the 

process. This means that if the transient stages of each line (e.g. acceleration and deceleration) in the area polishing 

process are not formed as expected, then the overall efficiency of the LP process will be decreased.

Thus, the focus of this study will be to generate more comprehensive understanding of the transient stages of a 

laser polished line formation. To achieve this, experiments will be conducted using the line test method with varying 

laser and scanner control parameters and the results will be analyzed for discrepancies in the transient state zones of 

the lines.
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Fig 2: Conventional area polishing strategies: (a) zigzag/lace (b) spiral (c) diagonal

2. Experiment methodology and initial observations

A typical laser polished line consists of three primary sections (zones): the initial transient section (e.g. 

acceleration) in which the laser is powered on and the laser beam begins to move; the steady state section in which 

the laser power and speed have reached a continuous state; and the final transient section (e.g. deceleration) in which 

the beam stops its movement and the laser is powered off. Now, the steady state section of the laser polished line is 

fairly straight forward, as only the laser parameters (power, scanning speed, focal offset, etc.) have an effect on the 

width of the LPed line. However, the initial and final transient state zones introduce additional factors which are 

introduced via scanner control factors. Although some LP systems use motion stages to move the workpiece, the LP 

system used in the present work utilizes a laser scan head to control the laser beam movement onto a stationary 

workpiece. The use of similar scan heads has been used in comparable experimental studies [12]. The laser scanner 

has a system of mirrors which pivot very rapidly to position the laser beam onto the workpiece.

While much faster than the electromechanical motion stages, positioning mirrors cannot move instantaneously 

and thereby additional factors must be introduced to compensate for the time required for the mirrors to accelerate 

and decelerate at the beginning and end of a line respectively. These factors are known as “Laser On delay” and 

“Laser Off delay”. According to the software manual for the scanner control, the Laser On delay is used to allow the 

beam control mirrors to accelerate properly before the laser is turned on and the Laser Off delay is used to ensure 

that the laser beam reached the final point in the line before the laser is turned off. These new factors introduce the 

ability to create synchronous movement between the beam position via the mirrors (i.e. beam velocity) and the laser 

power. These scanner control factors in combination with the standard laser parameters can heavily effect the 

formation of a laser polished line.

For the sake of simplicity, the Laser On and Laser Off delay values were kept the same in each line formation 

scenario and thus it was assumed that the initial states and the final states of each line behave in similar fashions to 

depict the presumed outcomes. With this in mind, there are three possible line formation scenarios that were 

identified during line test experiments:

Case 1: laser speed gradient “ahead of” laser power gradient (Figure 3). In this case, the transient state zone

of the laser polished line has a smaller track width than that of the steady state zone width of the line. The 

width of the track in the transient state starts rather small and gradually grows as the line continues until the 

steady state width is reached. This shows a desynchronization between the laser power and the laser 

velocity, meaning that the laser beam begins to travel prior to the laser beam reaching full power.

(a) (b) (c)



723 Joshua D. Miller et al.  /  Procedia Manufacturing   10  ( 2017 )  720 – 729 

Fig 3: Terminal geometry of a line generated under Case 1 conditions

Case 2: laser power gradient “ahead of” laser speed gradient (Figure 4). In this case, transient states have a 

larger track width than that of the steady state track. In this case, the initial state has a large diameter, 

almost circle shaped track which gradually decreases in size until reaching the steady state track width. 

Again, this shows an obvious desynchronization between power and velocity of the beam. In this case 

however, the laser power has reached peak power before the laser beam begins to move.

Fig 4: Terminal geometry of a line generated under Case 2 conditions

Case 3: laser speed gradient “in sync with” laser power gradient (Figure 5). This particular case would be 

the ideal scenario for any line formation in laser polishing. The transient states of the line have almost the 

same track width as the steady state portion of the line. In this case, the laser power and the laser velocity 

would be synchronized such that the laser beam begins to move just as the beam reaches peak power. This 

is the ideal scenario as it would lead to the shortest attainable distance for a line to reach the desired steady 

state conditions. However, finding the combination of laser power, speed and laser delays capable to 

generate this particular geometry of the line end might not be always obvious.
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Fig 5: Terminal geometry of a line generated under Case 3 conditions

Of note, the relatively vague/presently undefined terms used (i.e., “ahead of”, “in sync with”) should not be 

misinterpreted as simple inequalities/equalities. In reality, the relative relationship/balance between power and speed 

(as analyzed in the context of terminal line geometry) is more complex than a simple “greater than” or “equal” sign. 

However, for the lack of a better term, this somewhat imprecise terminology was used at this time.

Therefore, by means of experimentation, the above listed cases will be produced via the line test method and 

analyzed such that a broader understanding of the development of these cases can be achieved. Like many other 

manufacturing processes, the success of LP is determined by a number of process parameters. However, to limit the 

number of variables in the study, an initial set of experiments was conducted while keeping some of the laser 

parameters constant. The constant process parameters are identified in Table 1 below.

Table 1: Constant laser polishing parameters

Factor Name Constant Value

Focal distance 100 mm

Focal offset 0.0 mm

Laser velocity 100 mm/s

Argon flow 50 cfh

Laser operating mode continuous wave (CW)

By keeping these parameters constant, several polished lines were generated by varying laser power as well as 

Laser On/Off delay parameters (Table 2).

Table 2: Experimental design of the line polishing experiments

Line number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Laser power (W) 50 100 150

Laser On/Off delay (µs) 0 10 50 250 500 0 10 50 250 500 0 10 50 250 500

3. Experimental setup

The experimental setup used for testing (Figure 6) consists of the following components:

(a) Computer responsible for control of the laser scan head. This computer uses ScanLab’s LaserDESK

software to program the movement of the laser beam during experimentation. The software used here is 

where the scanner control parameters (laser on/off delay, etc.) are changed.

Ground 

Flat

Sample

Laser Polished

Line
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(b) Computer responsible for the control of the X-Y-Z motion control (Aerotech stage). NView motion control 

software is used here to position the scan head at the appropriate Z-direction height from the sample such 

that the laser is at its focal point. The X-Y movement are controlled here to roughly position the sample in 

the correct location.

(c) Laser generator system encompassing an IPG Photonics YLR-500 model laser. The laser being used has a 

wavelength of 1070 nm and a maximum power of 500 W. The laser is delivered to the system via an IPG 

Photonics fiber cable.

(d) Bender of 1.5” diameter beam used to direct the laser beam from the fiber optic into the scanner head.

(e) Laser scan head relying on a system of mirrors to quickly manipulate the position of the laser beam. The 

working area for this particular scan head is 33 mm x 33 mm. There is an air-cooling system in place to 

keep the scan head from overheating.

(f) Lens of 100 mm objective used to focus the laser beam onto the sample workpiece.

(g) Argon gas enclosure consisting of a manufactured acrylic box that is used at the base of the enclosure to 

secure the enclosure to the motion control system. A plastic sheet is then secured from the exterior of the 

objective lens to the base of the enclosure box. This sheet allows free motion in the X-Y-Z direction yet 

still contains the gas being delivered into the system. 

(h) Workpiece of a round disk shape made of ground flat H13 tool steel (20 mm thickness).

(i) Aerotech PRO280LM motion control system controlled by the NView software.

(j) Central gas tank system in charge with the argon supply. 

Fig 6: Overview of the system used to be perform line polishing experiments

4. Results and discussion

Upon completion of the experiments, it was evident that the tests performed whilst using a laser power of 50 W

did not affect the H13 steel enough to create conclusive or useful information for analysis. This can be seen in 

Figure 7, where the left most set of lines are performed at 50 W power. Therefore, the analysis of the experiments 

will focus solely on lines 6-15 as listed in Table 2.
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Fig 7: Macroscopic view of the line polishing experiments

4.1. Effect of laser on delay on track width

Focusing first on the effects of laser on delay on the initial transient stage zone of the laser polished line, it is 

evident that the variation in delay does in fact have an impact on the formation of the track shape. The results of the 

varying laser delays can be seen in Figure 8 and Figure 9 for laser powers of 100 W and 150 W, respectively.

Fig 8: Effect of laser on delay on track width at 100 W laser power

Fig 9: Effect of laser on delay on track width at 150 W laser power

-150

-100

-50

0

50

100

150

0 50 100 150 200 250

T
r
a
c
k

 W
id

th
 (

µ
m

)

Length (µm)

Line 6: Delay = 0 us Line 7: Delay = 10 us

Line 8: Delay = 50 us Line 9: Delay = 250 us

Line 10: Delay = 500 us

-200

-150

-100

-50

0

50

100

150

200

0 50 100 150 200 250 300 350 400

T
r
a
c
k

 W
id

th
 (

µ
m

)

Length (µm)

Line 11: Delay = 0 us Line 12: Delay = 10 us

Line 13: Delay = 50 us Line 14: Delay = 250 us

Line 15: Delay = 500 us

5 mm



727 Joshua D. Miller et al.  /  Procedia Manufacturing   10  ( 2017 )  720 – 729 

As expected, laser on delay values have triggered a variable desynchronization between laser power and laser 

velocity gradients. In both test scenarios, the lines executed with laser on delay of 0 and 10 µs clearly resemble 

Case 1 scenario described in Section 2. As discussed, in this case laser beam begins to move along the line trajectory 

prior to having the laser power reach its maximum value. At the other end of the spectrum, experiments ran with 

500 µs delays fall under Case 2 scenario category. In this case, laser power rises ahead of the actual start of beam 

motion, such that too much power was delivered to the sample. Although the experiments ran at 250 µs laser on 

delay are somewhat closer to the ideal Case 3 scenario, certain characteristics of Case 2 are still present. Overall, it 

seems to be that the lines generated with a 50 µs laser on delay exhibit most of the characteristics of the ideal Case 3

situation. 

One other important outcome of the line formation results is related to the distance required by the LP lines to 

reach the steady state (Figure 10). Similar to prior comments, polished lines generated with 50 µs laser on delay 

require the lowest distance to reach their steady state. While it was expected that the time to reach steady state for 

150 W will be larger than that for 100 W lines, this was not the case between approximately 120 µs and 300 µs.

Fig 10: Dependence between the length of the transient state and laser on delay duration

4.2. Effect of laser on delay on the topography of the transient zone

One experimental aspect that was not analyzed so far was the effect of Laser On/Off delay on the 

topography/geometry of the transient zone. After a closer examination of the ends of the polished lines, it became 

clear that a certain correlation exists between the Laser On delay duration and the transient molten pool 

characteristics (Figure 11).

For lines with lower laser on delays (L6, L7, L8), molten pool seems to accumulate slowly until reaching steady 

state conditions. By contrast, the lines associated with larger laser on delays (L9, L10) exhibit the characteristics of a 

“bubbling” molten pool immediately the initial spot of the laser and in turn, this would mean that energy buildup has 

happened faster in these cases. As such, when Laser On delay is larger and the motion is relatively slow, molten 

pool will end up being larger in the transient stage zone, and thus - as the beam advances – molten pool will tend to 

follow, as if being “pushed” by the trailing laser spot.
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Fig 11: Topography of the transient zones for: (a) line 6, (b) line 7, (c) line 8, (d) line 9, and (e) line 10; and (f) a typical example of cross-section 

measurement for steady-state zone

When power is increased to 150 W, similar trends are present (Figure 12). However, a certain difference is 

visible for the initial spot that starts to exhibit certain “cratering” characteristics. The cratering effect generates a 

molten pool that is larger than required that tends to spread coaxially prior to starting to “move” along with the laser 

beam. Same as for 100 W, the “bubbling” effect manifests earlier for larger laser on delays.

Fig 12: Topography of the transient zone for: (a) line 11, (b) line 12, (c) line 13, (d) line 14, and (e) line 15; and (f) a typical example of cross-

section measurement for steady-state zone

To portray the effects that the transient stages of line formation have on area polishing, a rough polishing 

experiment was conducted using a continuous wave laser with a 95%-line overlap. The area polishing strategy that 

was used was the zigzag/alternating line method (Figure 2). The laser polishing process was able to achieve a 

surface roughness reduction of 83%, resulting in the areal surface roughness dropping from its initial post-grinding 
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Sa = 1.35 µm to a final post-polished value of Sa = 0.23 µm. However, these values are recorded at the steady state 

area of the sample. Figure 13 shows that in this experiment the chosen process parameters have yielded a 

“trenching” effect in line cross over regions.

Fig 13: Laser polished sample exhibiting an improved areal surface roughness

5. Conclusion

The focus of this study was to investigate the phenomena occurring during the initial transient state of a 

polished line as a result of the interplay between laser and scanner control parameters, specifically in the form of 

delays. The main conclusion to be drawn from this study is that both laser and speed On/Off delays play a 

significant role on both the terminal geometry of the laser polished track and the formation/motion of the molten 

pool along the laser polished line.

Future research will attempt to investigate further the thermo-physical mechanisms associated with the transient 

phases of the LP process as well as to determine the optimal combinations of delays that will ensure the fastest reach 

of the steady state regime.
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