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Strain gauge analysis of laser forming
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Laser forming has become a viable process for the shaping of metallic components, as a means of
rapid prototyping and of adjusting and aligning. The laser forming process is of significant value to
industries that previously relied on expensive stamping dies and presses for prototype evaluations.
This investigation aims to complement the considerable amount of work already completed on
two-dimensional laser forming, offering an insight into the mechanical behavior of a part during the
process using a strain gauge analysis technique. The investigation was performed on mild steel CR4
sheet using a CPlaser source. It includes empirical investigations to determine optimum
processing parameters using the temperature gradient mechanism, thermocouple analysis to locate
ideal strain gauge placement for temperature compensation, and strain gauge analysis of the
transverse localized strains at a number of locations on the surface of the sheet during single and
multipass laser forming. The results of the investigation demonstrate the relative complexity of the
process even during a simple straight-line bend and that a residual strain component remains in the
sheet after processing. @003 Laser Institute of America.
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I. INTRODUCTION area*® Materials of particular interest are specialized high
strength alloy$. These include titanium and aluminum al-

This investigation is primarily concerned with the pro- loys. These materials are widely used in the aerospace indus-

cess of laser forming or laser bending of metal sheet materiaty where the implementation of laser bending as a replace-

with a high power laser beam. Laser forming has become gnent of existing manufacturing processes is under

viable process for the shaping of metallic components, as mvestigation’® as well as other industry ares.

means of rapid prototyping and of adjusting and aligning.

The laser forming process is of significant value to industries

that previously relied on expensive stamping dies andl- EXPERIMENT

presses for prototype evalu_ations. Re_levant indus_try Sectors 1y investigation aims to complement the considerable

mcIude_ aerospace, automotive, and m.'croe'eCFm”'CS- I CONmount of work already completed on two-dimensional laser

tra_st with convenn-onal forming techniques this method re'forming, offering an insight into the mechanical behavior of

quires no mechanical conta_tc.t .and henge offer_s many of th part during the process using a strain gauge analysis tech-

advantages of process flexibility associated with other laseﬁique. The investigation was performed onx880 mm and

manufacturing techniques such as laser cutting and ma?king80>< 200 mm 1.5 mm gauge mild steel CRAISI 1010) cou-

Laser forming can produce metallic, predetermined s:hapeﬁOnS using a high power GQaser source. It includes em-
with minimal distortion. The process is similar to the well

pirical investigations on the 8080 mm coupons to deter-

_es:f]\bhs:_edbtqlrgh flgrr:je bten(ki)lntg used tog Ialrge sheet rtnalterf'ﬂine optimum processing parameters using the temperature
Lﬂ f_e SI P (;J' tlng mb us ri']_ ué;hgrela e]fi more control Olq -4 dient mechanisiirGM).2 Also included is thermocouple
€ final product can be achievedhe faser forming process analysis to locate ideal strain gauge placement and strain

IS treta;]hzed ?y mtrl?ducmgk therma[rf]tresgef W'tTOlit meltm. auge analysis of the transverse localized strains at a number
INto the surface ol a work piece. 1hese Internal SWESSes Iyt |, -ations on the surface of the 8200 mm coupons dur-

duce p_Iastlc strains, t_)endmg. or shortenmg the matengl, 0|'?1g multipass laser forming. The longer coupons used pro-
result in a local elastic plastic buckling of the work piece

. - vide sufficient area to attach the strain gauges.
depending on the mechanism active. gaug

The range of metals that can be laser formed is considA. Background—the TGM *
erable. As there is only localized heating involved below the 115 mechanism is the most widely reported, and can be

melting temperature, the bulk properties are not altered anflseq 1o bend sheet material out of plane towards the laser.
good metallurgical properties are retained in the irradiatéGrpe congditions for the temperature gradient mechanism are

energy parameters that lead to a steep temperature gradient
3Electronic mail: s.p.edwardson@liverpool.ac.uk across the sheet thickness. This results in a differential ther-
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mal expansion through the thickness. The beam diameter is
typically of the same order as the sheet thickness. The path
feed rate has to be chosen to be large enough that a steep
temperature gradient can be maintained. The feed rate and
hence the temperature gradient has to be increased if mate-
rials are used which have a high thermal conductivity. The
laser path on the sheet surface is typically a straight line
across the whole sheet. This straight line coincides with the
bending edge. Initially the sheet bends in the direction away
from the laser. This is called counter bending. With contin-
ued heating the bending moment of the sheet opposes the
counter bending and the mechanical properties of the mate-
rial are reduced. Once the thermal stress reaches the tempera-
ture dependent yield stress any further thermal expansion is
converted into plastic compression. During cooling the ma-
terial contracts again in the upper layers, and because it has
been compressed, there is a local shortening of the upper
layers of the sheet and the sheet bends towards the laser
beam. The yield stress and Young’s modulus return to a
much higher level during this cooling phase and little plastic
re-straining occurs. Bends of approximately 1° per pass are
achieved with this mechanisi.

FIG. 1. Experimental setup.

compensated for the thermal expansion of mild steel. The
gauges were each incorporated into a balanced and zeroed
An Electrox™ 1.5 kW CQ laser, wavelength 10.6m,  quarter Wheatstone bridge circuiFig. 2) the output of
run in continuous wave mode was used for the forming prowhich was amplified by a four channel bridge amplifier and
cess. The laser beam was fed via turning mirrors to a set akcorded, thus allowing four single strain gauges to be moni-
X-Y-Z CNC tables for beam manipulation. The mild steeltored at any one time.
coupons were laser cut to the correct dimensions in order Although the gauges could be arranged to give the net
reduce any prestressing that might influence the forming rebending strains or temperature compensation in half or full
sults. To prepare them for forming they were first cleanedoridge configurations, it was thought that due to the asym-
with acetone in order to remove an oil film that protectedmetry of the laser forming process the determination of the
them from oxidation. They were then sprayed with graphiteaverage localized strains would yield more meaningful re-
in order to increase the absorption of the 1016 radiation.  sults. The gauges were located in a perpendicular orientation
The coupons were clamped 30 mm from the scan line alon¢gp the laser scan line to measure the transverse thermally
one edge during processing using an aluminum clamp as canduced strains at locations at or near the longitudinal center
be seen in Fig. 1. A laser range finder was used to recortine and 10 mm from the edges of the coupon. The distances
height data either side of the irradiation line and hence defrom the laser scan line were decided upon by the results of
termine the bend angle after each pass, the sensor can thee thermocouple analysis, locations on the top and bottom
seen to the right of the processing head in Fig. 1. Combinedurfaces of the coupons where the peak temperatures are
with software based control of the CNC axes and shutter thevithin the operating range of the gauges. The gauges were
system is fully automated, producing bend angle output tattached to the keyed and cleaned surface of the coupons
file after each pass. using a Cyanoacrylate adhesive and can be seen in Fig. 3.
The thermocouple analysis of a multipass strategy was
performed usinK type thermocouples, which have a range
of —200-1370°C. The thermocouples were attached to the

B. Experimental setup

top and bottom surface of the 2860 mm coupons along a Active e —— = 25T
center line at a number of locations 10-58 mm away from  Gauge G D, ] n :
the laser irradiation line on the free end using adhesive pads. D,, D, 1kQ
An Agilent 34970A data acquisition unit was used to record
the temperature data from the thermocouples, acquiring data Via Ds 1200
at up to 250 readings/s. The temperature data were then used Gauge 2.1
to determine strain gauge placement, based on operating Dy 2 il Faxtor; K
temperature and adverse thermal gradient. 4V

The strain gauge analysis was performed using polyim- £=—2£
ide backed 5 mm long uniaxial foil gauges, which have a Vot VK

temperature range of 30—180 °C, in this range the gauge
factor K is constant. The gauges selected were temperature FIG. 2. Quarter bridge circuit.
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FIG. 5. 5.5 mm beam diam results.

FIG. 3. Strain gauges attached to a coupon.

IIl. RESULTS AND DISCUSSION factors including strain hardenirt§, section thickening!
o ) ) coating burnoff, and an increase in bulk material temperature
A. Determination of ideal processing parameters reducing the thermal gradient achievable.
This investigation used the 880 mm 1.5 mm gauge
mild stegl CR4 coupons to identify ideal procgssing paramg, Thermocouple analysis
eters using the temperature gradient mechanism to be used ) o )
for strain gauge analysis, employing a multipass alternating A thermocouple investigation was performed using the
direction strategy at 60 s intervals and recording the ben§h0Sen processing parameters to ensure ideal strain gauge
angle per pass. Three beam diameters were investigated: @,acement. The thermocouples were attached to the top and
5.5, and 8 mm inducing various energy fluences to establisROtiom surfaces of an 80200 mm coupon at 10, 22, 34, 46,
a process window and identify a maximum achievable ben@"d 58 mm away from the laser irradiation liffég. 8). The
angle per pass and after 30 passes. The bend angles Wfﬁz{nperature_ data from six laser passes of alternating d|reF:-
increasing numbers of scans at various energy fluences apgn at 60 s intervals was recorded. The results are shown in
shown in Figs. 4, 5, and 6. Fig. 9. o _
As can be seen in Figs. 4—6 it is possible to identify for ~ AS ¢an be seen in Fig. 9 the peak temperature after six
each chosen beam diameter a speed/power combination fBRSSes at the closest location, 10 mmis 115°C. This is well
maximized forming. The graphs indicate an increase in bend/ithin the operating range of the strain gauges. It can also be
angle per pass with an increase in energy fluence. Figure Roted that there is very little difference in temperature be-
shows a comparison of the maximized bend angle for eachveen the top and bottom surfaces at identical distances from
beam diameter at a constant power of 760 W. As can be sedfe scan line, thus it would follow that strain gauges at those
after 30 passes, the parameters achieving the highest belpfations should see similar thermal strains. It was therefore
angle are a beam diameter of 8 mm and a traverse speed $fcided to center the strain gauges at 10 and 46 mm away
20 mm/s. However as the TGM is unlikely to be the activefrom the scan line, regions of high and low thermal gradients
mechanism at this energy fluence, the process parametef§'0SS the surfaces. It can also be noted from Fi_g. 8 that the
chosen for the strain gauge analysis were the next lowef€ak temperatures near the scan line steadily increase per
fluence: laser power 760 W, beam diameter 5.5 mm, and B2SS @s the bulk material temperature increases. It can be
traverse speed of 30 mm/s. It can also be observed in Figgssumed that a similar effect occurs along the scan line itself
47 that a decreasing rate of bending occurs with increasing‘aking it possible to mel_t_the surfa(_:e if left unchecked. This
numbers of scans. This has been attributed to a number GH99€sts a need for additional cooling of the component. An
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ol 55 4 | ~A-Scan Vel 10mm/s Power 400W
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FIG. 4. 3 mm beam diam results. FIG. 6. 8 mm beam diam results.
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FIG. 7. Maximized forming comparison at 760 W. FIG. 9. Thermocouple data, 6 pass, 760 W, 5.5 mm @&, 30 mm/s.

Increase in the bulk .matenal temperatgre also leads InItIaIIthis relatively large distance from the irradiation line a small
to an improved bending rate per pass, in that a heated coupey

n . . .
) . . ut significant strain measurement can be made, the peak
is easier to plastically deform. However as the bulk tempera- 9 P

range being in the region of 18 microstrain. It can also be

tre increases the attainable thermal gradient across thseeen that there is a considerable difference in the strain out-

t;g:rléness of the sheet decreases for the same energy para}:mdt at the center of the plate compareq to the edges. At the
' center of the plate on the top surfadéigs. 12 and 1Ba
. . tensile componentperhaps due to thermal expansios
C. Strain gauge analysis seen during each pass that recovers initially to a residual
As discussed, the strain gauges were located on the tdgnsile strain. Then, as the number of passes increases an
and bottom surfaces at 10 and 46 mm away from the centéfcreasing residual compressive strain is seen, which recov-
of the laser scan line, at or near the longitudinal center lingrs somewhat several minutes after processing. At the plate
and 10 mm from either edge of the coupdRgy. 10. As the ~ edges on the top surfa¢€igs. 11 and 1¢an initial tensile
output from only four gauges could be logged at any onecomponent changes to a compressive component during each
time, a separate coupon was used for each configuration. Apass and a tensile residual strain develops sometime after
assumption was made that the process conditions were idefrocessing. On the bottom surface similar strain outputs to
tical for each sample as each coupon was laser cut from tH&e top surface from the centéfigs. 16 and 1yto the edges
same mild steel sheet. The output from the gauges at 46 mifrigs. 15 and 1Bof the plate are seen. However at the center
on the top surface is shown in Figs. 11, 12, 13, and 14 anthe magnitudes of the induced tensile strains are less than the
the output from the bottom surface is shown in Figs. 15, 16{op surface but there is still a residual compressive strain
17, and 18. The gauge locations are given as distances froapmponent after processing. At the plate edges on the bottom
the first edge of the 80 mm wide plates on the first pass of sisurface the initial tensile component during processing is less
using an alternating direction strategy. than that at the top surface and the recovery after processing
Figures 12, 13, 16, and 17 show the output from theiS to an increasing residual compressive strain. The residual
strain gauges around the center of the plate. Figures 11, 18{rains on the bottom surface appear to recover several min-
15, and 18 show the output from the two edges on the topites after processing upon cooling. It can also be noted in all
and bottom surfaces at 46 mm from the scan line. A positivedf the results at a distance of 46 mm that the effect of the
strain value indicates a tensile component and a negative
value a compressive component. It can be seen that even at

46n§m 1(:)mm

FIG. 8. Thermocouple analysis setup. FIG. 10. Schematic showing strain gauge locations.
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FIG. 11. Strain gauge output at 46 mm top surface, 10 mm from first edge’ /G- 13. Strain gauge output at 46 mm top surface, 50 mm from first edge.

) _ o o As with the output at 46 mm, Figs. 19-24 show a dif-
alternating processing direction is a variation in the peakerence in strain output from the center to the edge and be-
values depending on the direction. _ tween top and bottom surfaces at 10 mm from the scan line,

To summarize the results at 46 mm from the scan line fofy\yever there was a significant difference in output between
the 200<80 mm plates, it can be seen that COMpressivgne tyo Iocations. An initial observation was the expected
strains are generated near the center of the plate and tensjjg.yease in strain values recorded closer to the scan line. The
strains at the edges on the top and bottom surfaces durir}gnge is now in the region of 100 microstrain. Figure 19
processing. The residual strain components appear to recoVghoys the transverse strain data 10 mm from the first edge on
upon cooling, however a residual tensile component is 0bgne top surface in the alternating direction irradiation strat-
served at the edges on the top surface. egy. It can be seen that on the first pass and subsequent odd

These results appear consistent with the observed edgmpered passes that there is a large tensile component con-
effect? or longitudinal bowing phenomenon where it is gjstent with thermal expansion as the beam passes that point
thought that a change in boundary conditions from the centeg|iowed by a recovery sometime after processing. On the
to the edge of the plate results in a variation in bend anglgeym second pass and subsequent even numbered passes,
from edge to edge. If a different in-process strain cycle ocngwever, there is an initial compressive strain that switches
curs and hence a different residual transverse strain state ey 5 tensile strain as the beam reaches the other side of the
ists between the center and the edge of the plate and top apghte followed again by a recovery to an increasing residual
bottom surfaces, then this could possibly explain this edggansile strain component. On the opposing side of the plate
effect distortion. Further investigation is necessary to deter(Fig_ 21) the reverse occurs. On the first pass and subsequent
mine the longitudinal strains during laser forming, as thisyyq numbered passes the output from the gauge furthest way
should aid the explanation of the edge effect distortion stillkom the laser beam starting position shows initially a com-
further. __ pressive strain that switches to a tensile strain as the beam

~ The output from the gauges at 10 mm from the irradia-yeaches that point, followed by recovery to a tensile residual
tion line on the top surface is shown in Figs. 19, 20, and 2544y component. On the second and subsequent even num-
and the output from the bottom surface is shown in Figs. 224,64 passes a large tensile component is seen as the beam
23, and 24. As therg was a very similar output frqm thepasses followed by a recovery. It can be sé@igs. 19 and
centrally located strain gauges at 46 mm, it was decided 191) tha the residual tensile strain component present in both
use a single strain gauge on the center line and two furt.heédges after six passes appears to be decreasing some time
gauges 10 mm from each edge at 10 mm from the scan lingger processing. As the plate is cooling the purely elastic
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FIG. 12. Strain gauge output at 46 mm top surface, 30 mm from first edgeFIG. 14. Strain gauge output at 46 mm top surface, 70 mm from first edge.
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FIG. 15. Strain gauge output at 46 mm bottom surface, 10 mm from firstFIG. 17. Strain gauge output at 46 mm bottom surface, 50 mm from first
edge. edge.

strains are relieved. At the center of the plate, Fig. 20, it canion followed by a recovery to a residual higher tensile strain.
be seen that there is a compressive or less tensile strain comhe edge closest to the laser start position sees a compressive
ponent during each pass which recovers to an increasing retrain initially that rapidly reverts to a tensile strain as the
sidual tensile strain that appears constant sometime after prgeam traverses to the other side of the plate. There is a re-
cessing. The effect of the alternating direction strategysidual tensile strain on this edge as well. It can be noted
appears not to occur at the center line. The residual tensilghough from Figs. 22 and 24 that the magnitude of this strain
strain observed in the top surface close to the scan line mayepends on the direction of the final pass. At the center lo-
be due to the plastic compression and hence transverse shaghtion on the bottom surfacdig. 23, the gauge records
ening in the irradiated area consistent with the TGM. evenly the effects at both edges, in that a tensile strain is seen
Figures 22, 23, and 24 show the output from the gaugeas the beam moves across the plate and this reverts to a
positioned on the bottom surface 10 mm from the irradiatiorcompressive strain as the beam passes the center and moves
line. In Figs. 22 and 24 it can be seen that as with the topo the other side of the plate. This effect has been noted in
surface the edges on the bottom are affected by the asymmether studies® Again a recovery to a residual tensile strain
try of the process and the traverse direction. At the edg@ccurs after processing due perhaps to the development of
closest to the start point of the lag&iig. 22 on the first pass the bend toward the laser, which is consistent with the TGM
and subsequent odd numbered passes a compressive straithisory®
seen initially, consistent with the upper surface expansion The strain gauge results demonstrate the complexity of
and counter bend. This rapidly reverts to a tensile componenhe laser forming process even during a simple straight line
as the beam moves to the other side of the plate. On thgvo-dimensional2D) bend. A large factor in this is the in-
reverse second pass and subsequent even numbered passkgrant asymmetry of the process when using a single point
tensile strain component is seen that reverts rapidly to a comaser source to achieve a symmetrical solution. While abso-
pressive or less tensile strain then recovers to a higher reute readings of strain are difficult at such high thermal gra-
sidual tensile strain. The tensile component remaining in thelients the general trends in strains due to thermal and me-
sheet after processing appears constant sometime after prghanical influences have been revealed. It has been shown
cessing. On the opposing side of the shigég. 24) the se-  that along an irradiation line depending on where the beam is
quence is mirrored; the edge furthest away from the laseand its direction, there is a mechanical effect in the plate

start position sees a tensile strain initially that rapidlyahead and to the rear. Figures 25 and 26 show a visualization
changes to a less tensile state as the laser reaches that loca-
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FIG. 16. Strain gauge output at 46 mm bottom surface, 30 mm from first~1G. 18. Strain gauge output at 46 mm bottom surface, 70 mm from first
edge. edge.
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FIG. 19. Strain gauge output at 10 mm top surface, 10 mm from first edgeFIG. 23. Strain gauge output at 10 mm bottom surface, 40 mm from first
edge(center ling.

of the results obtained from the strain gauges at either edge,
top and bottom surfaces, 10 mm from the scan line at the
start and end of a pass. The beam at the first edge causes a
thermal expansion of the upper surface and hence a compres-
sion of the lower surface consistent with a counter bend ef-
fect. As one side of the plate expands a compression of the
top surface of the other side of the plate is seen, perhaps due
to a moment generated in the upper surféery. 25. An
opposing moment may be present in the lower surface, as
400 500 one side is under compression a tensile strain is seen in the
other side; this would suggest a torsion force is present in the

FIG. 20. Strain gauge output at 10 mm top surface, 40 mm from first edgdolate between the top and bottom surfaces. As the beam
(center ling. reaches the other side of the pldfeg. 26 the effect of a

reversal in this moment may be evident by the sudden reduc-

tion in the tensile strain component of the first edge before a

60 1 recovery of the elastic strains during cooliffgig. 19.

0 100 200 300
Time [s]

50 Aresidual tensile strain was observed at 10 mm from the
40 - scan line on the bottom surface and along the center line on
';;3“ ] the top surface. The tensile component left in the bottom
%50 surface is consistent with the mechanical bend in the plate;
E the component in the top surface may be due to a transverse
S0 1 shortening of the upper surface along the scan line consistent
0 —_t t — — with TGM theory.
o |
-20 - IV. CONCLUSIONS
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Time [s The results of the strain gauge analysis investigation

FIG. 21. Strain gauge output at 10 mm top surface, 70 mm from first edgedemonstrate the complexity of the laser forming process
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FIG. 22. Strain gauge output at 10 mm bottom surface, 10 mm from firstFIG. 24. Strain gauge output at 10 mm bottom surface, 70 mm from first
edge. edge.



232 J. Laser Appl., Vol. 15, No. 4, November 2003

Moment in Top
Surface due
Asymmetry of
the Process

Tension

Compression

Edwardson et al.

difference in strain output was recorded at the plate edges
when compared to the center on the top and bottom surfaces
close to and distant from the scan line consistent with edge
effect phenomenon.
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