Investigation of deformation principle during
hybrid process of laser quenching and forming
based on in-situ deformation monitor
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Abstract. In recent years, product miniaturisation and multifunctionalisation have progressed
while the importance of process consolidation has increased. This paper examines processes
involving the use of a laser to treat and mould small components. Based on consistencies
between the laser quenching and forming processes, laser quenching-forming has been
proposed as a combination method. Whereas conventional laser forming involves the use of a
temperature gradient mechanism, laser quenching-forming often requires the use of a buckling
mechanism. The deformation behaviour of the buckling and temperature gradient mechanisms
during laser irradiation are analysed in an attempt to better understand these mechanisms. In
addition, a measure to control buckling during laser scanning is proposed.
Introduction
The miniaturisation and multifunctionalisation of products such as mobile phones has been
accompanied by a reduction in the size and an increase in the complexity of product
components. The processing steps used to manufacture such components include rough
machining, surface finishing, drilling, heat treatment, etc., and the variety of processing
machines has increased with the need to introduce new processes. At the same time, the
importance of reducing time and saving space under process consolidation has also increased.
However, the processing time required in the press forming and heat treatment steps has not
been successfully reduced for smaller components, and in fact problems with increased power
consumption and reduced time efficiency have appeared as component sizes decrease. In
general, the processing of a small part requires the use of a processing method commensurate
with the size of the part, and approaches to this problem have led to the downsizing of
production and the implementation of cell production systems[1]. In line with these
developments, laser processing has drawn attention as a space-saving method [2].
Heat treatment using lasers has been studied for many years and has led to practical
applications such as key groove quenching [3]. Laser quenching has advantages in terms of
enabling local quenching and requiring no coolant. Similarly, laser forming has been actively
studied in recent years in applications involving the production of thin aluminium and titanium
plates [4] The laser forming process has advantages in terms of high bending accuracy and the
lack of a need for metal moulding. As the processing time of laser-based methods depends on

the size of the object to be processed, both laser quenching and forming are better suited than
conventional heat treatment and moulding methods to the processing of small products.
Based on consistencies between the working processes of laser quenching and forming, this
paper focusses on the laser quenching-forming method combining the two processes. Using
this hybrid approach, the process of small thin-plate manufacturing becomes both faster and
more efficient. Previous studies examined conventional problems of deformation, hardness,
and power consumption in laser scanning and demonstrated that laser scanning from the upper
and lower surfaces of a thin plate can be used to carry out both full-thickness quenching and
laser forming [5]. In conventional laser forming, deformation can generally be achieved
through a relatively controllable temperature gradient mechanism. By contrast, laser
quenching-based forming techniques often use relatively small laser scanning speeds to reach
the quenching depth, creating a condition in which the temperature gradient and buckling
mechanisms coexist.
In this study, the deformation behaviour of a workpiece during laser quenching-forming was
analysed with the goal of determining the temperature gradient and buckling mechanisms from
the deformation behaviour during laser scanning. In addition, a method for controlling
deformation in the presence of a buckling mechanism was investigated.
Concept and Basic theory
Laser quenching and forming hybrid method. Figure 1 shows the proposed a laser
quenching and forming hybrid method for thin carbon steel plate (thickness 0.5mm, size
30x30mm) with a 30W small power diode laser. This method makes it feasible to perform both
hardening in entire depth direction of plate and forming at the same time, and is considered to
be effective to manufacture various kinds of flat spring of complex shape. However, a problem
has emerged that there is a complicated phenomenon during laser irradiation because both
thermal stress and transformation stress occur at the same time. We therefore attempt to
monitor the deformation behavior during laser irradiation in-situ monitor with a video record.

Laser irradiation
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Fig. 1Proposed laser-forming method
Principles of laser-forming deformation. The temperature gradient mechanism (TGM) is
the deformation occurring just below the point of laser irradiation as a result of the temperature
gradient created by the irradiation (Fig. 2(a)) [6]. In this process, the surface of the test piece
in the vicinity of the irradiation receives a compression stress, with the compression of the

irradiated surface determining the direction of deformation. Under these circumstances,
deformation control is easy, and TGM is therefore generally used in laser-forming deformation.
In the buckling mechanism (BM), which is illustrated in Fig. 2(b), compressive stress from
thermal expansion results in a process similar to buckling. Because the temperature gradient
during laser irradiation is almost uniformly distributed on each side of the irradiation point, the
direction of deformation largely depends on the initial disturbance [7]. Under the BM,
deformations larger than those under TGM are easily obtained. As the controllability of the
bucking process is poor, BM is generally avoided in general laser forming; however, when
laser quenching and forming are performed at the same time, scanning under BM conditions
might be required to attain a specific hardening depth.

(a)Temperature gradation mechanism (b)Buckling mechanism
Fig. 2 Laser-forming mechanisms
Prediction of temperature distribution. Thermal cameras can only observe the temperature
of the facing side of a body. Therefore, to model the thermal dynamics in the experimental
workpiece, a Gaussian distribution-based prediction equation of the temperature increase in a
semi-infinite body irradiated by a moving heat source was used. For the calculations, a
coordinate system centred on the scanning centre of the laser spot on the test piece (in which
the thickness direction of the test piece was -z and the laser scanning direction + y) was used.
Because a finite plate thickness was assumed, the image method could be applied to the results
in the thickness direction to model the temperature inside the test piece [8]. The moment image
method, which is used to model the influence of edges, was used to calculate the energy
distribution under the assumption of constant energy input to the inside of the system by folding
the energy at the edge and then superimposing the folded energy [9]. An example of the
temperature distribution obtained from energy input to an infinite body is shown by the solid
line in Fig. 3. As the actual thickness of the workpiece is finite (0.5 mm), the energy is folded
back, as shown by the black broken line in the figure, while the total temperature distribution
derived in this iteration is indicated by the red dot-chain line. By repeating this superimposition,
the input energy to an infinite body can be fitted to a finite field. The equation for estimating
the temperature increase in a semi-infinite body from a moving heat source with a Gaussian
distribution is given as
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whereP is the laser output [W], ε is the absorptance, r0 is the irradiation radius [mm], κ is the
thermal diffusivity [m2 / s], K is the thermal conductivity [W / (m · K)], and v is the feed rate
[mm / min] [10][11].
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Fig. 3Foldback of heating at the test piece edge using thermal imaging method
Determination of feed speed
Discrimination of deformation principle. To reliably determine which feed speed regions
can be respectively attributed to the BM and the TGM, the relationship between the feed speed
and the deformation angle after laser irradiation was investigated. In the results shown in Fig.
4, the deformation angle has a local maximum value. As the BM can generally produce a larger
deformation angle than the TGM, we assume that this maximum can be attributed primarily to
the BM. The figure also shows that the deformation angle becomes very small after exceeding
the local maximum, suggesting an immediate transition to the TGM. Correspondingly, we
considered a BM occurring in the vicinity of the maximum value and a TGM at a feed speed
of about four times the local maximum value. Using Eq. 1, isothermal diagrams for the feed
speeds corresponding to the hypothesised BM and TGM points were obtained (Figs. 5 and6,
respectively). It is seen from Fig. 5 that, at the feed speed corresponding to the conjectured BM,
high temperature regions are distributed toward the lower side of the workpiece. From Fig. 6,
it is seen that the high temperature regions are limited to the vicinity of the laser irradiation
surface at the feed speeds corresponding to the conjectured TGM.
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Fig. 4 Relationship between feed speed and bending angle after laser irradiation
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Fig. 5 Isothermal diagramat hypothesised BM (80 mm/min)
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Fig. 6 Isothermal diagram at hypothesised TGM (300 mm/min)
In-situ confirmation of deformation principle with a video record. To confirm the BM and
TGM deformation principles hypothesised in Section 3.1 above, the deformation behaviour
during laser irradiation was investigated using the following setup and methods.
To investigate the deformation behaviour during laser irradiation, observations of one end
of the workpiece were carried out with recoding a video image as it expanded from the
treatment. As shown in Fig. 7, the deformation angle was calculated by observing the
displacement of the end of a carbon rodplaced at the end of the test piece.
Under BM, features similar to buckling should appear; therefore, the presence of the BM
should be deducible from the rapid appearance of buckling.

Video monitoring

Fig. 7 Vertical displacement from deformation l
Experimental conditions
The laser used in the experiment was a small-output semiconductor laser (LD-HEATER L
10060; Hamamatsu Photonics) with an output and spot diameter of 30 W and 0.4 mm,
respectively. A 30 × 30 mm piece of S55C steel, which has a sufficient amount of carbon for
quenching, was used as a workpiece. The full specifications and conditions of the laser and
workpiece and the physical properties of the S55C steel used in the experiment are listed in
Tables 1 and 2, respectively.
Table1 Experimental conditions
Output power 30 W
Spot diameter 0.4 mm
Wavelength
808 nm
Laser
Defocus length 0.0 mm
Cooling
Air cooling
method
Material
S55C
Carbon content 0.53%
Workpiece Hardness
180–200 HV
Size
30 × 30 mm
thickness
0.5 mm
Table 2 Properties of S55C
Density
7,860 kg/m3
Longitudinal elastic modulus
208×1011 Pa
Poisson's ratio
0.3
Coefficient of linear expansion
11.6 × 10-6 1/K
Specific heat
435 J/kg・K
Thermal conductivity
46.5 W/m・K
The workpiece was placed on the XY table shown in Fig. 8 (a) and the feed speed was
controlled using a function generator. The experimental condition during laser scanning is
shown in Fig. 8 (b)(c), in which the coordinate system with origin at point O is defined as X Y - Z (although not shown in the figure, the coordinate system with the laser irradiation point
as the origin is defined as x - y – z). Under the assumption of heat dissipation from natural
convection into the atmosphere, the experimental condition could assume minimised

disturbance from solid heat transfer within the fixed part. Sides E–F and E–'F' on the front and
back, respectively, of the test piece were fixed from the top and bottom (± Z-directions) with
heat insulating ceramics.
In the laser-forming process, defocussing is often carried out to avoid surface melting; in
laser-quenching-forming, however, defocussing can lead to significant deterioration of
quenching performance. Correspondingly, the defocus distance in the experiments was set to
zero.
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Fig. 8 Laser processing conditions
Result and discussion

Bending angle [°]

Single laser scanning. The deformation behaviours occurring in the workpiece under laser
scanning at feed speeds of 80 (BM) and 300 mm/min (TGM) are shown in Figs. 9. and10,
respectively. In each figure, it is seen that all parts of the workpiece are deformed, even in
regions in which no laser irradiation is performed, although in each case the piece is seen to be
slightly compliant, displaying a gradual change in deformation with distance from the laser
irradiation position. This pattern possibly occurs because the workpiece cannot be deformed in
a purely localised fashion but must bend in a manner that affects the overall specimen.
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Fig. 9 Bending behaviour without initial scan (80 mm/min)
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Fig. 10Bending behaviour without initial scan (300 mm/min)
To further understand these effects, the respective forces that promote and prevent
deformation must be considered. In the former case, the laser-irradiated region is deformed
under compressive stress, resulting in a slight deformation in the non-irradiated regions. The
force promoting deformation increases with time, reaching a maximum at the cessation of
irradiation. In the latter case, the non-irradiated regions play a role in preventing deformation;
thus, as the irradiated spot position changes during the laser scanning process, the force
hindering deformation is locally removed. The hindering force therefore decreases with time,
reaching a minimum value upon cessation of laser irradiation. In Fig. 9, the piece is deformed
in a nearly linear manner and does not undergo any short-duration large deformation; thus, it
cannot be considered to experience complete buckling. By contrast, Fig. 10 shows a change
that can be plotted using a simple quadratic function, suggesting that a deformation-preventing
force has transitioned to a deformation-enhancing force.
The deformation behaviour seen in the previous results alone could not confirm the presence
of the BM. Therefore, the behaviour from 10–15 s in Fig. 9 was analysed more closely.
Following a stagnation during this period, the figure seems to indicate the occurrence of a large
deformation from 15–20 s. The smaller disturbance at the beginning of the experiment suggests
TGM features appearing at the beginning of the laser scanning process. In the second half of
the scanning process, disturbances from residual stress or deformation occur, suggesting the
appearance of strong BM features. Therefore, prior to examining the deformation behaviour,
laser scanning was performed from the back side of the piece at a feed speed of 100 mm/min;
the results were then measured at a feed speed of 80 mm/min(Fig. 11). Comparison of the
results with those in Fig. 9 show a clear loss of linearity and an emphasis of features causing
large deformation within a short time frame. Furthermore, whereas the results in Fig. 9 show
features of gradual deformation from the laser irradiation spot, no such features are seen in Fig.
11, suggesting nearly simultaneous deformation—a feature generally seen under buckling.
These results strongly suggest deformation as a result of the BM at a feed speed of 80 mm/min.
Although linear deformation behaviour appears to rule out the presence of the BM, in cases of
extremely small disturbances TGM characteristics can appear more prominently than BM
characteristics, making it necessary to apply an initial disturbance to perform discrimination
under the deformation principle.
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Fig. 11Bending behaviour following initial scan (1 scan, 80 mm/min)
Laser scanning with initial deformation. In the previous section, it was shown that
prominent BM features can appear following even a small initial disturbance from one laser
scan. This suggests that increasing the size of the initial disturbance can result in the appearance
of stronger BM characteristics. To test this, the deformation behaviour under larger initial
disturbances from advance laser scanning was investigated. The laser was scanned over the
entire surface of one side of the specimen at a feed rate of 100 mm / min in the manner shown
in Fig. 12.
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Fig. 12 Area scanning for initial disturbance
The resulting initial disturbance produced a residual stress about 10 MPa and a curvature radius
of about 30 mm. The piece was then scanned at feed speeds of 80 mm/min, which produced
both negative and positive deformations, as shown in Figs. 13 and 14., respectively. The
deformation behaviour at a feed rate of 300 mm/min was then analysed, with the results shown
in Fig. 15. Although the directions of deformation are opposite, the results in Figs. 13 and 14
show practically identical deformation behaviour. In each case, a large deformation occurs just
after the beginning of laser scanning; once this has stabilised, another large deformation in the
opposite direction returns the piece to its original state. A potential explanation for this
behaviour lies in the fact that the forces promoting deformation at the scanning starting and
ending points are small, with the workpiece deforming between 5–15 s from the start of the
scanning process but not before or after. This suggests the presence of a force preventing

deformation during the early and later stages of scanning, and therefore that both the beginning
and end of the process represent fixed states, resulting in a stabilization at zero deformation.
Furthermore, none of the linearity described in Section 5.1 is observed, indicating that the
deformation behaviour is complicated by the initial disturbance. However, examination of the
bending behaviour in Fig. 10, which is attributable to the TGM, reveals strong linearity despite
the presence of an initial disturbance. Although the final deformation angle decreases slightly
under the influence of various deformation-inhibiting factors, the controllability can be
considered to be relatively good, with no extreme decrease in deformation of the type that
would be expected in the presence of the BM. The improved controllability of the TGM appears
to stem from the stability of the deformation direction. In laser forming using laser scanning,
the entire test piece must be balanced and, therefore, when even a local stress is applied in a
direction differing from that of deformation, it will exert a pull on the surrounding material.
On the other hand, under the TGM, in which compression in a single direction occurs, stressinduced deformation results in increased expansion in the surroundings, resulting in a simpler
pattern of deformation.
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Fig. 13Bending behaviour following initial scan (area scan, 80 mm/min, negative)
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Fig. 14Bending behaviour following initial scan (area scan, 80 mm/min, positive)
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Fig. 15Bending behaviour following initial scan (area scan, 300 mm/min)
From the above results, it can be concluded that, under the application of laser scanning to both
the upper and lower surfaces of a piece, the BM governs neither positive nor negative
deformation behaviour and there is a reduced amount of deformation. On the other hand, the
bending seen in Fig. 11, in which the external disturbance is suppressed to a relatively small
level, maintains a somewhat gauge linearity and suggests a certain level of controllability. This
suggests that, under two-sided planar laser quenching, deformation control can be maintained
by alternately scanning the upper and lower sides to avoid the occurrence of the BM.
Conclusion
In this study, the deformation behaviour of the TGM and BM under laser quenching-forming
was analysed. The results are summarised as follows.
1) When the initial disturbance is small, both the BM and the TGM exhibit very similar
deformation behaviours.
2) When the initial disturbance increases, the BM cannot maintain linear deformation, resulting
in a large degree of deformation within a short time frame.
3) When laser quenching-forming is performed over an area, it is necessary to select the order
in which the initial disturbance is minimised.
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