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Abstract

Selective laser heat treatmésused to enhance material properties in high strength steels and finds wide range of applications i
the automotive industry. However, the manufactured components also become sensitive to variation affecting functionalit
esthetics, and performancetbé final product. In this paper, selective laser heat treatment of boron steels is analyzed with emphas
on geometrical variation. Different manufacturing strategies are tested by varying heating direction sequence and @t treatrn
pattern and their ftuence on springback is investigated. The results indicate their significant contribution to geometrical variation
and the need to consider them in various stages of the geometry assurance process.
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1. Introduction imparts strength into the material. This selective (local) heat
treatment can be performed by means of laser irradiation,

The automotive industry is largely driven by stringentelectromagnetic induction, or through heat conduction.
emission norms to fulfil sustainability requirements. Specifically, laser source mounted on a robot provides
Continuous efforts are made to reduce vehicle weight withoukdditional flexibility in processing of complex geometry
compromising on the crashworthinesstloé vehiclesOf the ~ shapes. Thus, optimal process parameters and selective areas
material alternatives availabldina high strength steetsich as ~ for local heating can be idefitd to get the desired output. It
boron steels have been at the forefront to fulfil this criteria@lso gives considerable freedom to engineers in designing
Boron steels are used in vehicle body for components such §8mplex geometry components.

A-pillar, B-pillar, roof rail, rocker rdto name a fewdue to its Several researchers have investigated the outcome of
strength propertiefd]. SAAB Automobile AB were the firstto Selective laser heat treatment process with respect to
use hardened boron steels in their vehicle body in 19B4 formability. Vollertsen & al. [4] applied local laser heat
Since then, its application in vehicle industry has extensiveljreatment for aluminium alloys using tser and showed
increasedHowever, formability issues of boron steels poses dhat drawability could bencreased. This was further tested and
challenge in further utilizing its potential. Therefore, novelproven by Hofmanf5]. The effectiveness of laser irradiation
manufacturing processes capable of overcoming such issusselective heat treatment process could be further improved
and producing light weight solutions are necessary. using Nd:YAG laser was shown by Geiger e{6.. Merklin et

Tailored heat treateblanks technology (THTB) is one such al.[7] studied multipath heating strategy for aluminium blanks
novel method that enhances formability and strength of thand Hung et al[8] considered heat treatment layouts to
material through local modification of material properfigs ~ demonstrate impact of hardenifgeugebauer et a[9] used
Unlike conventional heat treatment methods where the entid@cal laser heat treatment to demonstrate improvement in
metal blank is heated before stamping, this progessives  formability in ultra high strength steels as wellonrads et al.
locally heating selective areas of the metal blaftke local [10] showed the influence of local laser heat treatment on crash

modification in material properties improves formability and behavior of advanced high strength manganese steels by
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imparting strength into the material. Heat treatment patternformability of the steel and wears the stamping tool as well. In
were used to control deformation path and the crash behavioorder to overcomehts, boron steel parts are produced by hot
Asnafi et al.[11] performed selective laser heat treatment onstamping process. Hot stamping process consists of heating the
boron steels and tested different strategies to improve botietal blank in a furnace to elevated temperatures. The heating
formability and strength of the material. Significant process softens the metal as the microstructure transtorms
improvement in formability agvell as a rise in the hardness at austenite phaseThe methblank is then wnsferred to the
the heat treated areas were shown. stamping tool. The softened boron steel blank is
While the material properties are improved from thesimultaneously formed to desired shape as well as quenched
selective laser heat treatment process, it also results mapidly due to its contact with the stamping td®esence of
undesired stresses and distorts the material. Various processingron delays transformatioto other phases such asinite,
parameters such as laser power, laser heating direction, choifegrite, and pearlite microstructures which are much sfiftgr
of heat treatment pattern, laser heating speed or their combinét&nce, he microstructure transforms to martensisea result
effect leads to variation. The positioning system, fixtures, an@f rapid quenching and stamping therelmcreasing the
most important of all, design robustness are significanhardness of thenaterial The asreceived yield strength in the
contiibutors as wellHere,robust desigtis defined as a design range of 306650 MPa can be increased to 1(BD0 MPa
insensitive to variation such that the performancefrom the heat g#atment proceg45].
characteristicsaare unaffectedby variation [12]. Geometrical
variation, even if minimal at part level, propagates through th@.2. Selective laser heat treatment process
assembly process and often amplifies in an assembled product.
It affects functionality, esthetics, and performanaaf the Selective laser heat treatmentiprocess of heating along
product. Crash behavior which is an essential requirement fdhe predefined pattern instead of heating the entire metal
structural components in vehicle body can get compromisedilank. The process utilizes lesser energy in comparison to
Hence, minimizing effect of such variation becomes necessarjurnace method as only desired areas are heated. Input energy
can be efficiently utilized as laser power @&ncontrolled. This
1.1.Scope of the paper process can be relatively quick as it can be automated as well.
Quench medium such as oil and water can be avoided as it can
This paper is aimed at understanding geonedtriariation be selfquenched under room temperature conditions and
from selective laser heat treatment of boron steels and howthereby making the process more environmental friendly.
affects subsequent stamping process, a domain where The source and means of laser generation has progressed
information remains scarce and requires further exploratiorover the yeardrom lamp pumped and gas lasers to high power
Influence of laser heating direction and heat treatment pattewiode lasersLaser types such as Nd:YAG, g@liodelasers
is focused upon. The knowledge generated will serve irare usedor various applications. NYAG lasers ar@referred
minimizing effects of geometrical variation through geometryover CQ lasesdue to shorter wavelength gieyare absorbed
assurance process. The paper is structured with sectionfaster. This also avoids coating of surfaces to enhance
providing background on boron steels and the selective lasabsorptivity[16]. Nd:YAG and diode dserscan be coupled
heat treatment procedn.section 3, an overview of geometrical with fiber optic cables for increased laser intensity. Intensity in
variation and robust design is provided. Case study performetie rame of 16-10* (W/cn¥) with beam tcsurface interaction
is described in section 4 and its outcome is discussed in sectiime of 0.020.1 second is sfi€ient enough fotransformation

5. Section 6 summarizes and concludes the paper. hardening17]. The setugonsists of laser source mounted on
a robot (Fig. 1)The selective areas are chosen in the form of a

2. Background on Boron Steels and Seleatt Laser Heat pattern. The pattern constitutes of multiple hesgitment areas

Treatment Process as shown in Fig. 1IThese pradetermined selective areas are

then laser heated’he metal blank is positioned using clamps
In this section, the background on boron steels with respe¢C) (Fig. 2). Laser beam irradiates the surface and heats up the
to its hardenability mechanism is given. It is followed by areasufficient enough to transform smstenite mimstructure
detailed explanation ofhe selective laser heat treatment

process. ///‘“

T |
2.1.Boron steels -/ - ===
As recieved blank @ Laser source Stamped ==
. . . —~Laser beam
Boron steels are commonly used in the automotive industry K s
. . . . . . e P
as it offers economical and high weiglatving possibilities.

Boron steels up to 40% of total vehicle weight have been used
to improve crashwithiness as well as achieve substantial
weight reduction[13]. Presence of boron as an alloying =
element improves hardenability in steel®r&n content in the Laser heat treated blank
range of 0.001%wveight to 0.003% weightrovides maximum
hardenabilityf14]. Due to this high hardness, boron steels have
good wear resistance properties. However, this affects

Heat treated
areas

Fig. 1. Selective laser heat treatment process chain
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In case of boron steels, austenitérostructure begins to transformatiorfrom austenite to martensite causes volumetric
form on reaching temperature known as, A€50€) and is  expansion and alters the size of the matelRabidual stresses
completely transformed to austenite on reaching temperaturare formedrom the above processé&hey impact subsequent
known as Ag (@80 €). Heat treatedareaexpandsdue to  stamping process, assembly process and so on. Positioning
heatingand tensile stresses are generatede Jurrounthg system of fixtures and clamping tools also propagate variation.
cold bulk region (basenetal) acts as a heat sink suppressing Hence, geometrical variation can be classified into part,
the expansion and induces compressive stresses onto the haasembly and design contepriation[21]. The shape and size

treated area as depicted by the arrovig. (F&). variation described above is assoeihtto part variation.
HAZ HAZ HAZ Variation arising from fixtures and clamping tools can be
regarded as assembly variation. Both part and assembly level
_ variation increases when the design is sensitive to such
Base Base variation. A robust design concept that is insensitive to
metal metal variation suppresses variation at other levels.
3.2.Robust design in geometry assurance
Tensile Tensile | | Tensile 1 1
01 e ° s d v The geometry assurance process consists of a set of
Compressive Compressive JCOmpresswe activities aimed at minimizing the effect of variation. The
@) () © activities are divided within phases namely, the conceegha

the verification phase, and the production pHa2¢. Robust

. design is an activity carried out in the concept phasensists
Performed underoom temperatureeonditions, theheat ot series of activities such as allocation of robust logatin

treated arebegins taapidly quetlchThe areestartg to:ontrgct schemes, variation simulatiamd tolerance allocain.
but is opposed byth_elsurroundlng c_old bulk region and induces |, .op st geometry design, manufacturing variation is
tensile stress onto it {§ 2b). The microstucture transforms considered as main source of variation amongst others. The

to martensitic phase at the end of quenching process. T'Tfesign can be made robust by having a suitable locating

austenlte to martensneatlstormauonIeads to vqumetrtc scheme and the locatjpoints are chosen in such a way that it
expansiorj18]. The surrounding cold bulk region opposks minimizes variation propagation

volumetric expansion and daces compressive stresses (Fig.
2¢). This residual compressive stress improves fatigue life of | _
the partHeat affected zones (HAZ) are also formed alongsideiliﬁ'\
the heat treated arems well as across the thickne&ghe x
microstuctural properties of HAZ differs frothe heat treated
area and the base metHlacts as a transition zank boron
steels, austenite gets retairkect to rapid quenchirgs they do
not fully transform to martensiteThe amount of retained _ _
austenite pesent depends on the carbon content in the materi Fig. 3. 3-2-1 locating scheme
as we_II. The magnitude c_)f stresses and thereby the magn_|tu'.Aef3_2_1 locating scheme is commonly used to locate rigid parts
of springback generated is also dependent on the penetration’ 0

the laser along the thickness of the material. This in turr%0 minimize variation (Fig. 3)23]. A, A2, A3 are primary

dependent on laseower and laser heating speed points locking three degrees of freedom, translation in Z
’ direction (TZ) and rotation in xdirection (RX) and Ydirection

(RY). B1 and B2 are secondary points that lock two degrees of
freedom, translation along-Hirection (TX) and rotéon in Z-
direction (RZ). C1 is a tertiary point that locks the remaining

Fig. 2. Selective laser heat treatment process mechanism

3. Geometrical variation and robust design

In this sectionthe nature of geometrical variation arising from

selective laser heat treatment process is categorized and furtdi® degfee_ of freedom, translatlc_)n mh‘ecn_ort (TY). Extra
classified based on the source of variation. Themgsry  SUPPOIt points can also be used in case ofrigid parts such

assurance process and the concept of robust design A& sheet metal parts. The main rule is tose the samlocating

discussed in detail. system at all stages, i.e. at part manufacturing, assembly and
inspection24]. Once the robustness controlled by locators are
3.1. Geometrical variation addressed, tolerances can be considered to control variation at

on assembly levelln order to consider tolerances for parts

Geometrical variationarising from selective laser heat Made from laser heat treatment process, understanding of part
treatment can be categorized with respecthape and size variation trom the process is necessary. It will th_en a_llow_to
[19]. Shape variation occurs due to stresses generated in ip@alyze dtfferent heat treatment patterns and h(_aatmg_dlrectlons
processWhen the stresses generated exceed the yield strengff @ design concept, assigolerances that fulfifunctional
of the material, it undergoes plastic deformation. The@SPects of thénal product.
surrounding bulk region opposes such effect thereby distorting
the material[20]. The material also buckles if the heating
relaxes inbuilt stress from the previous proceshase
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4. Case study
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mm (Fig. b) were implemented?attern B covers larger blank

area than pattern A due to its smaller grid dimensions implying
In this case study, selective laser heat treatment of boromore heat treated areas.

steel was carried out with different heating direction sequence

500

500

and heat treatment pattern strategies. Three heating directiol
sequence strategies have been tested on two heat treatme
patternsThe blanks were laser heat treated based on the abouli
mentionedstrategiesas the first step. In the second st&p, =
laser scanningf theseheat treated blankserecarried outo
capture theomplex nature dflankdefornmationin detail[25].

L
n
=

350

In the next stepthe samédieat treated blanks were subjected to
stampingfollowed by 3D laser scanningd 3-2-1 locating
scheme was usddr positoningduring 3DlaserscanningThe

< 50

@

2511

Fig. 4.(a) Heat treatment pattern A

3D scanned models of heat treated blanks were compared with

that of an untreated blank as a nominal part to analyz

geometrical variatiomas a final stepThe 3D scanned molde

of stamped parts were examined for the reatf springback.
Geometrical variation analysis with nominal part was

carried out using RD&T software. RD&is a software for

Robust Design and Tolerance Analysis equipped with multipl

functions for analysis at different stages of design process.

%.3. Heating direction sequence

20/ |

(b)

25

(b) Heat treatment pattern B

The above mentioned heat treatment patterns were applied

on the blank by varying the heatinlirection sequence. Three
different heating direction sequence (HS) strategies were
Sested.

Stability Analysis for analyzing design robustness, Variation
Analysis for analyzing design variation, Contributidnalysis

for assessing points and tolerances contributing to measur
variation are some of its functiorjg6]. Details of thecase
study isdescribedn the sub sections below

Start 1 Stop

Heating direction
2

3

Sto

Start 1

|

uopaa11p Bunesy

N
w

4 5

4.1.Setup

Rolling direction

Rolling direction

(@)Step 1 (b) Step 2
A fibre fed diodelaser withsquae beam of 6mm was used —
i Start 1 Stop Start 1 2 3 4 5
for the testsLaser power of 670 W and laser heating speed of] e ®
22 mm/sec were&kept constant for all the testMaximum Stop 2 Staa
temperature of 95 was achievedlmm thick boron steel - -
blanks named Boloc steel gradev@®s used in thease studies | Strt 3 B
[27]. The material deifls are provided in tables3 Sto

—..Ro"'"g direction Rolling direction

Tablel. Material composition of Boloc 02 ste¢l/]

(c)Step 1in HS 3 (d)Step 2in HS 3

C%  Si% Mn% P% S% Cr% B%
Min- min- min- max max  min- min- Fig. 5 Heating direction sequence strategies
max max max max max
02 02 1.00 0030 001 014  0.0015 In HS1,step 1 (Fig. &) was carried outrst followed by step
025 035 1.30 026 0.005 2 (Fig. ®). Laser heating bats from start position of areh
o _ and ends in stop position afeal. The robot then rpositions
Table2. Hardening in different cooling mediar] to start position irarea2 and laser heating process continues.
Condition Cooling  Tensile EIongation Hardness HV In HS2, the sequence was reversed. S{&jR ) was carried
media ,s\lt,rri?r?;hczw ABO % ca.  ca. out first followed by step {Fig. 5a). In HS 3, start and stop
Hardened  Oil 1370 8 450 positionswere altered as shown in Fig. 5¢ and Fid. IBitial
Hardened  Water 1590 6 520 try outs of selective laser heat treatment and stamping were
carried out which lead to crack&s a solution, lie blanils were
Table3. Mechanical Propertiga7] trimmed first andthen laser heat treated (Figa)6 The heat
Condition  Yield Tensile Elongation  Hardness treatment paérn was adapted according to the trimmed blank
ﬁ;ﬁ:;?}?f SN‘t/rri?ﬁztzaR‘ Aswca.  HV, ca. dimensions. Stampingirder pressure was set to 90 bar to
Annealed 340 ' 480 28 140 avoid cracksThe heat treated blanks were stampedéesired

shape (Fig. B). The laserheat treatmenprocessing time of
blanksfor HS1andHS2 in case of Pattern A was 340 seconds
and Pattern B was 795 seconmdspectively While, the laser

In order to understand the influence of heat treatment patteri€at treatmenirocessing timéor HS3 in case of Pattern A and
on variation, square grid pattern of two different dimensionsPattern B wa295 seconds and 674 seconds respectively.
were chosen for the tests. Pattern A wgtid dimensions

50x50 mm (Fig. 4) and Pattern B witgrid dimensions 20x20

4.2.Heat Treatment pattern
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of HS3, laser heating moves from #® ¢ and then to £as
heating of HAbegins at £ Due to wide enough gap between
the HA and HA, there is sufficient cold bulk material present.
But due to change in sequencggeenches right aften cThis
changein heating sequence in case of HS3 also changes the
sequence of stress formation in the blank. This is different
compared to HS1 and HS2 where heating and quenching of ¢
(a) Heat treated blank Pattern B (b) Stamped part Pattern A occur much later. Such stress distributiaeross the blank
lowers the variation fuher in case of HS3Therefore, HS3
produced lower variation in case of pattern A.

When this heat treated blank is subjected to stamping, the
hardened heat treated areas resist deformation. It transfers the

The 3D scanned data of heat treated blanks Werestamplng forces on the cold bulk material area and they

investigated for geometrical variation by comparing with aundterg_? p_Iastltch defo.rm?tlo? fws’;. tl;resencet .gft reta;ned
nominal blank geometry using RO& Variation acrosall the austenite i € Mmiostructure  turther contributes 1o

mesh nodes in the 3&canned data of heat treated blanks Wasdeformation. This retained austenite transforms to martensite
computed and theoot mean square (RMS)ariation was during stamping process as it undergoes plastic deformation.

calculated. RMS variation captures the sensitivity of theHence, presence of retained. austenite reduces springback. Such
variation, see[28]. This RMS variation from the heat treated characteristics of the selectivdbser heat treated boron steel
blanks was then compared with springback after the sam®lank can be compared to that of transformation induced
blanks were stamped. It was observed that heating directioflasticity (TRIP) steelf29].

sequence and heat treatment pattern affected the nature of
variation at blank level. This in turn hadfluence on stamped ~ ya,
parts and was evident from the nature of springback.

Fig. 6.Heat treated blank and stampeatt from test case

5. Results

Cold bulk
material
HA,

5.1.Heat treatment pattern A

Metal blank

The mean variation at blank leveland the corresponding

springbackafter stampingor HS1, HS2,and HS3in case of

pattern A areshown(Fig.7). HS3 produced lowest variation
and springbackwhile HS2 had highestvariation and

springbackfor pattern A It can be seen thdhcrease in °-2-Heattreatment pattern B
variation leads to increase in springback as well.

Fig.8.Effect of heating direction sequence and heat treatment pattern

The mean variation at blank level and the corresponding

RMS variation vs Springback springback after stamping for HS1, HS2, and HS3 in case of
pattern B are shown (Fig. 7). HS2 prodd lowest variation
and springback while HS3 produced higher variation and
springback for pattern B. The difference in variation and
springback among HS1 and HS2 was relatively low. The trend
of increase in variation leading to increase in springback was
also seen for pattern B.

Due to smaller pattern dimensions of 20 mm, the total
number of heating areas in pattern B is more than doubled.
This results in lesser cold bulk material opposing the stresses

w
bl
EN

HS2

=
®
e
o

e
N
1)
S

)
w

I
()
i
)

(5}
25l
-

RMS variation, pattern A (mm)
~
-

12.62 15.37 16.20 18.64 19.86 23.50
Springback (degrees)

RMS variation, pattern B (mm)

S Pat(orn A lmes PA((SrIE generated. In case of HS1 and HS2, the mecharéeamins
the same as explained for heating pattern A. In case of HS3, ¢
Fig. 7. RMS wariation and springback from pattern A and B is heated right aftericAs ¢ begins to quenchcindergoes

The cause fosuch variation and spribgck is demonstrated heating. Due to close proximity between Hand H#,
using Fig.8 As the laser heating is carried out in heating area§°Mbined effected of heating, dollowed by ¢ increases the
(HA) from one end of the blank to the other, say fronoSs stresspw[d up in HA, _HAz and theT material in bet_ween them _
rapid quenching of the already heated region takes place il;gsgltlng in higher variation. Heating and quenchmg process Is
ambient conditionsThat is, a begins to quench as the laser of |mp_0rtan_ce due .to_ narrow gap, which leads to HS3
heating approaches,thoth a and b undergo quenching as producing higher variation than HS1 and HS2. Even though

heating approaches. (A7 are also formed. The same rocesspattern B has more heat tredtareas covering large area of the
g app > ' P blank similar to that of durnace heat treatment process, it
repeats for every heat treated area.

) produces higher variation. Higher springback in pattern B can
In case of HS1 and HS2, when laser heating mOvEBd&O o atributed to lesser presence of cold bulk material. Delay in
to &, a will have nearly quenched. In addition, due to wide yeformation due to resistanfrem the heat treated areas that
enoughgap between Hfand H/A, heating of adoes not affect 416 higher in number as well as residual stresses results in
a1. Presence of sufficient area of cold bulk material minimizeshigher springback.
the effect of stresses generated in both Bi#d HA. In case
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6. Summary [3] Merklein M, Johannes M, Lechner M, Kuppd@. A review on tailored
blanks—Production, applications and evaluation. Journal of Materials

. . . . Processing Technology. 2014;214.p. K&l
Three heating direction sequence strategies were tested fortvm Vollertsen F, Lange K. Enhancement of Drawability by Local Heat

heat treatment patterriStresses generated during 'th.él’ heat Treatment. CIRP AnnalsManufacturing Technologyl998;47.p. 18%.

treatment process due to temperature gradient and[s] Hofmann A. Deep drawing of process optimized blanks. Journal of

microstructure transformation contributes to variatioblahk Materials Processing Technology. 2001;119.p-327

level and forms residual stresses. Combined effeciridition [6] Geiger M, Merklein M, Kerausch M. Finite Element Simulation of Deep
. . ' Drawing of Tailored Heat Treated Blanks REl Annals. 2004;53.p. 223

residual stressesnd microstructure affects the subsequent wing ' P

. . . 6.
stamping process and springba€kerefore |t is important to  [7] Merklein M, Nguyen H. Advanced laser heat treatment with respect for the

supress variatiorin early stages as it is evident that it  application for Tailored Heat Treated Blanks. Physics Procedia. 2010;5.p.
propagags to subsequent processes, i.e. from heat treated blank 233-42. ' N ' _
to stamped partt can also be concluddchm the case studies [8] Hung N, Marion M. Improved Formability of Aluminum Alloys using

o . Laser Induced Hardening of Tailored Heat Treated Blanks. Physics
that it is not required to cover larger area of the blank by laser o °° .- 2012:39.p. 3405,

heat tre_atment. Hea_t.treating only cri.tical areas i_s sufficient fofg) Neugebauer R, Scheffler S, Poprawe R, Weisheit A. Local laser heat
enhancing formability and functional requirements as treatment of ultra high strength steels to improve formability. Production
highlighted in researches referred earlier. An example of Engineering2009;3.p. 34%51.

different possibilities is shown (Fig)9 [10] Conrads L, Daamen M, Hirt G, Bambach M. Improving the crash behavior

of structural components made of advanced high strength steel by local
Laser heat treated Stamped

heat treatment. IOP Conference Series: Materials Science and Engineering.
2016.
[11] Asnafi N, Andersson R, Persson M, Liliengren M. Tailored boron steel
e - / sheet component properties by selective laser heat treatment. IOP
Conference Series: Materials Science and Engineering. 2016.

[12] Taguchi G, Elsayed EA, TC H. Quality engineering in production
systems. New York: McGrasill. 1989 Jan.

[13] ArcelorMittal. Automotive R&D Event. 2015.

[14] Anjana Deva, Jha BK. Heat Treating of Boron Steels. In: Dossett JT, G.E.,
editor. ASM Handbook. Volume 4D. 2014.

[15] Total Materia KTMA. Boron in Steel: Part twiey To Metals AG. Total
Materia 2007.

[16] Dinesh Babu P, Balasubramanian KR, Buvanashekaran G. Laser surface
Hence, importance towards heating sequence and direction hardening: a review. International Journal of Surface Science and

should be given in order to minimize variatiand its effects Engineering. 2011;5.p. 131 _

in case ofa part subjected teelective laser heat treatment, 171 Chen W. Roychoudhuri CS, Banas CM. Desigsproaches for laser

. . . . diode materiaprocessing systems using fibers and miptics. Optical
Right combination of thesewo are necessary to minine Engineering. 1994.p.

variation as well as spribbgck. Therefore, for laser parameters [18] Steen WM, Mazumder J. Laser Surface Treatment. Laser Material
similar to the case study performed, icigoof apaternshould Processing. London: Springer London. 2010. p-24B.
be madesuch that sufficient cold bulk material area is [19] Sinha AK, Ovision BP. Defects and Distortion in Healreated Parts.
: ; ASM H k. 1991;4.p. .
available Residual stresses generated should be accounted foy, SM Handbook. 1991;4.p. 6619

. . . . L ] Totten GE. Steel heat treatment: metallurgy and technologies: crc Press.
in the concept phase by incorporating them in the variation 5qg6

simulation process. Prediction of residual stresses alspi1] Soderberg R, Lindkvist L, Dahlstrom S. Comptaéted robustness
facilitates simulating heat treatment pattern concepts for a analysis for compliant assemblies. Journal of Engineering Design.
chosen part design and locating schemes. Allocation of 2006:17.p. 4128.

L 2] S6 R, Lindkvist L I . Vi | f
tolerances can then be performed to minimize the effects df2} S0derberg R, Lindkvist L, Carlson J. Virtual geometry assurance for
effective product realization. First Nordic Conference on Product Lifecycle

As recieved blank

Fig.9. Heat treatment pattern possibilities

variation. ManagemeniNordPLM; 2006.
[23] Soderberg R, Lindkvist L, Carlson JBlanaging physical dependencies
Acknowledgements through location system design. Journal of Engineering Design. 2006;17.p.

32546.

The work was carried out at Wingquist Laboratory within [24] warmefjord K, Séderberg R, Lindkvist L. Decoupled fixturing strategies

. . . for minimized geometrical vaation during cutting of stamped parts.
the Area of Advance Prodiction at Chalmers University of Proceedings of the Institution of Mechanical Engineers, Part B: Journal of

Technology, in collaboration with VA Automotive and Swerea  Engineering Manufacture. 2014;228.p. 1401
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