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Hot stamping and cold die quenching is increasingly used to form complex shaped
structural components of sheet metals1. Conventional experimental approaches, such
as the out-of-plane and the in-plane tests, are not applicable to the determination of
forming limits when heating and rapid cooling processes prior to forming are introduced
for testing under hot stamping conditions. A novel in-plane biaxial testing system was
designed and used for the determination of forming limits of sheet metals at various
strain paths, temperatures and strain rates after rapid heating and cooling processes in
a thermo-mechanical materials resistance heating uniaxial testing machine, Gleeble.
The core part of the biaxial testing system is a biaxial apparatus which is adopted to
transfer the uniaxial force provided by the Gleeble uniaxial machine to a biaxial force.
One type of cruciform specimens was designed and verified for the formability test of
aluminium alloy 6082 by using the proposed biaxial testing system. Digital image
correlation (DIC) system with a high-speed camera was adopted for strain
measurement on a specimen during a deformation history. The aim of proposing
Thisthis biaxial testing system is to enables forming limits of an alloy to be determined
at different temperatures and strain rates under hot stamping conditions.
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SHORT ABSTRACT:

This protocol proposes a novel biaxial testing system used on a resistance heating uniaxial
tensile test machine in order to determine the forming limit diagram (FLD) of sheet metals
under hot stamping conditions.

LONG ABSTRACT:

Hot stamping and cold die quenching are increasingly used to form complex shaped structural
components out of sheet metals. Conventional experimental approaches, such as out-of-plane
and in-plane tests, are not applicable to the determination of forming limits when heating and
rapid cooling processes are introduced prior to forming for tests conducted under hot stamping
conditions. A novel in-plane biaxial testing system was designed and used for the determination
of the forming limits of sheet metals at various strain paths, temperatures, and strain rates
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after rapid heating and cooling processes in a resistance heating uniaxial testing machine. The
core part of the biaxial testing system is a biaxial apparatus, which transfers a uniaxial force
provided by the uniaxial machine to a biaxial force. One type of cruciform specimen was
designed and verified for the formability test of aluminum alloy 6082 using the proposed biaxial
testing system. A digital image correlation (DIC) system with a high-speed camera was used for
taking strain measurements of a specimen during a deformation. The aim of proposing this
biaxial testing system is to enable the forming limits of an alloy to be determined at various
temperatures and strain rates under hot stamping conditions.

INTRODUCTION:

The automotive industry is facing a huge global challenge of reducing fuel consumption and
minimizing environmental pollution from vehicle emissions. Weight reduction is beneficial to
improving the performance of automobiles and can directly reduce energy consumption®. Due
to the low formability of sheet metals at room temperature, hot stamping and cold die
quenching processes (referred to as hot stamping)? are used to improve the formability alloys
and thus to obtain complexly shaped components in automotive applications.

A forming limit diagram (FLD) is a useful tool to evaluate the formability of an alloy3. Out-of-
plane tests, such as the Nakazima test*>, and in-plane tests, such as the Marciniak test®®, are
conventional experimental methods to obtain the FLDs of sheet metals under various
conditions®1%, A servo-hydraulic biaxial testing machine has also been used to investigate the
formability of alloys at room temperature!?13,

However, none of the methods above are applicable to formability tests under hot stamping
conditions, since a cooling process prior to forming is required along with control of the heating
and cooling rates. The deformation temperature and strain rate are difficult to obtain
accurately. Therefore, a novel formability testing system is proposed in this study to
experimentally determine the forming limits of sheet metals under hot stamping conditions.

PROTOCOL:
1. Preparation of specimens

1.1) Machine flat dog-bone and cruciform specimens from commercial material aluminum alloy
6082 (AA6082) using a laser cutter and a computer numerical control (CNC) milling machine (for
formability tests at different strain paths including uniaxial, plane strain, and equi-biaxial
straining states).

1.2) Measure the thickness of each cruciform specimen and each dog-bone specimen with a
vernier caliper three times in the central gauge region and calculate the average values. Ensure
that the thickness of the gauge section in a cruciform specimen is 0.7 + 0.05 mm and that the
thickness of the uniaxial specimenis 1.5 # 0.1 mm.

1.3) Spray-paint the entire top surface of a cruciform specimen by using a flame-resistant, black



spray paint (capable of withstanding temperatures up to 1,093 °C). Wait until the paint dries
and then spray flame-resistant, white paint dots from arm’s length to create a stochastic
spraying pattern to be recognized by the DIC system (see the example in Figure 1).

1.4) Weld a pair of thermocouples to the center of the back surface (opposite to the painted
surface) of the specimen. Connect the other end of the thermocouple to the feedback
temperature control system of the uniaxial testing machine to monitor and control the
temperature change history.

2. Assembly of the biaxial testing apparatus

2.1) Assemble all parts of the biaxial testing apparatus, including a base plate, a central shaft,
input and output rotatable plates, carriages, a clamp, guide rails, and rigid connecting rods (the
assembled apparatus is shown in Figure 2).

2.1.1) Using a connecting rod, couple the input rotatable plate directly to the movable jaw of a
resistance heating uniaxial tensile test machine, which provides the uniaxial tensile force.
Couple the machine to the central drive shaft and couple this central drive shaft to the output
rotatable plate.

2.1.2) Ensure that the rotation of the input rotatable plate around the axis of rotation rotates
the drive shaft, thereby rotating the output rotatable plate to which it is coupled around the
axis of rotation.

2.1.3) At one end, couple each of the rigid connecting rods to one of the connection points on
the output rotatable plate. Couple the other end to one of the carriages.

Note: This will cause the carriages with specimen holders to slide back and forth along the
guide rails with low friction, which can apply a biaxial force to the cruciform specimen.

2.1.4) Using screw bolts, clamp each arm of the cruciform specimen to a carriage with a
specimen holder and a top plate.

2.2) Set up grips in the chamber of the uniaxial tensile test machine, as shown in Figure 3 (a).
Attach four welding cables to each pair of grips, which are made of stainless steel and copper,
respectively, and thus connect the welding cables to the electrical power supply.

Note: The conductor area of the welding cables is 50 mm? and the current rating is 345 A.

2.2.1) Put the grips and the clamp of the biaxial testing apparatus into the two jaws of the
uniaxial tensile test machine and tighten them inside (Figure 3 (a)).

2.3) Set up the biaxial testing apparatus in the chamber of the uniaxial tensile test machine, as
shown in Figure 3 (b).



2.3.1) Use two frames and screw bolts on the top and the bottom sides of the base plate to fix
the apparatus in the chamber of the uniaxial tensile test machine.

2.3.2) Put the specimen into the specimen holder on top of the biaxial testing apparatus.
2.3.3) Connect each terminal of the welding cables to each clamping region of the specimen.
3. Setup of the heating and quenching system

3.1) Tightly connect each clamping region of the specimen to the stainless steel top plate,
which serves as the electrode for resistance heating.

3.2) Tighten the welding cables with crimp ring terminals to the top plate of each clamping
region.

3.3) Connect flared nozzles with hoses to the high flow quench system with regulated air supply
at 8,000 kg/m? pressure for cooling.

3.4) Use four nozzles to blow air from the arms of the specimen to the central region of the
specimen.

Note: The nozzles are not directed onto the gauge section for cooling to avoid blocking the
central zone from the camera’s view.

4. Setup of the DIC system

4.1) Connect the high-speed camera of the DIC system with a micro lens to a computer. Adjust
the frame rates of the camera to 25 fps, 50 fps, and 500 fps from the menu of frame rates (for
the tests at the stretching strain rates of 0.01/s, 0.1/s and 1/s, respectively). Set the resolutions
of all images to 1,280x1,024 pixels.

Note: The frame rates depend on the number of data points to be collected; at least 200 data
points can be collected using the above settings.

4.2) Use an additional spotlight with a power of 300 W for tests at high strain rates. Point the
spotlight directly at the chamber of the uniaxial tensile test machine.

4.3) Adjust the camera lens so that it is parallel to the top surface of the specimen in the
chamber and focus the camera on the gauge section.

5. Experimental program

5.1) Run the resistance heating uniaxial tensile test machine by clicking the triangular run



button in the control software.

Note: Electricity runs through the AA6082 material and heats it to the solution heat treatment
temperature of 535 °C'* at a heating rate of 30 °C/s. The material is soaked at 535 °C for 1 min,
which is sufficient for the full resolution of precipitates. Air blowing from the quench system is
used to quench the material at a cooling rate of 100 °C/s'> to one of 3 designated elevated
temperatures in the range of 370-510 °C.

5.2) Stretch the specimen with the biaxial testing apparatus at a constant strain rate in the
range of 0.01-1/s and record the deformation history by manually pressing the trigger button
connected to the high-speed camera.

Note: The input displacement from the uniaxial testing machine to the biaxial testing apparatus
was controlled by the built-in software of the uniaxial testing machine.

5.3) Perform the tests at different strain paths consisting of uniaxial, plane strain, and biaxial
states® by adjusting the configuration of the biaxial testing apparatus.

5.3.1) Disconnect two opposed connecting rods for uniaxial tests. Clamp a dog-bone specimen
on the biaxial testing apparatus and connect it to welding cables, as in steps 3.1-3.4. Repeat
steps 5.1-5.2.

5.3.2) Fix two opposed carriages to the base plate with screw bolts to restrict the deformation
on the corresponding direction for testing under plane strain state. Clamp a cruciform specimen
on the biaxial testing apparatus and connect it to welding cables, as in steps 3.1-3.4. Repeat

steps 5.1-5.2.

5.4) Repeat steps 5.3.1-5.3.2 for each test condition three times, using new dog-bone and
cruciform specimens.

6. Data processing

6.1) Import all images recorded by the high-speed camera into the post-processing software
and follow standard steps for data analysis according to the software manual.

6.2) Use the ISO standard?® to determine the forming limits by clicking the FLC Mode button in
the software.

Note: This method has already been integrated into the image correlation processing software.

6.3) Mark each result of the forming limits at various temperatures, strain rates, and strain
paths in a diagram.

6.4) Plot the forming limit curves at all test conditions to obtain an FLD of an alloy under hot



stamping conditions.

REPRESENTATIVE RESULTS:

Since FLDs are highly strain path-dependent, the linearity of the strain path for each test
condition was verified by analyzing the DIC results; the strain paths are proportional throughout
deformation for each test condition. The range of the minor-to-major strain ratio is
approximately -0.37 (uniaxial condition) to 0.26 (near equi-biaxial condition). By processing
data for different AA6082 conditions, forming limit data for different strain paths were
determined and hence, the FLDs for AA6082 at hot stamping conditions were obtained through
curve fitting. In Figure 3, forming limit data were obtained at various temperatures, strain rates,
and strain paths after the heating and cooling processes. The fitted dashed lines indicate the
formability of this alloy, AA6082. A forming limit curve identifies the boundary between
uniform deformation and the onset of plastic instability or diffuse necking, which lead to
failure. The region above the curve represents potential failure, and the region below the curve
is regarded as a safety region, where uniform deformation occurs at the corresponding testing
conditions. A higher FLC indicates that the material has better formability if the shape remains
the same.

Formability tests using the novel in-plane biaxial tensile testing system were conducted at the
designated deformation temperatures and strain rates after the heating and cooling processes.
It was found that, when the strain rate increases from the designated strain rate of 0.01/s to
1/s, the forming limit of AA6082 increases. The forming limit has a larger increase, from 0.1/s to
1/s, than from 0.01/s to 1/s, as shown in Figure 4 Error! Reference source not found.(a).

In Figure 4 (b), there is a monotonic increase in the forming limit from 370 °C to 510 °C. This
indicates that high formability of AA6082 can be obtained at a higher temperature under hot
stamping conditions. The three forming limit curves are quite close to each other on the left
side of the FLD, which means that the sensitivity of temperature dependence is larger for
tension-tension biaxial strain paths than for tension-compression strain paths.

Figure 1: An example of a stochastic pattern in a cruciform specimen before biaxial stretching
(a) and after biaxial stretching (b). The pattern with white dots on a black background is
captured by the high-speed camera during tests. The size and density of the speckles within a
pattern are subjected to the standard requirements of DIC analysis®®.

Figure 2: The assembled biaxial testing apparatus. The apparatus includes a base plate, a
central shaft, rotatable plates, carriages, guide rails, and connecting rods. It is mounted in the
chamber of the resistance heating uniaxial testing machine. Key components have been marked
on the figure.

Figure 3: Setup of grips and the biaxial testing apparatus in the chamber of the uniaxial
testing machine. (a) The grips and the clamp. (b)
The biaxial testing apparatus and nozzles for air cooling.



Figure 4: FLDs of AA6082 at different strain rates and different temperatures under hot
stamping conditions. The symbols are the results of the forming limits under different
conditions. The dashed lines were obtained through the polynomial fitting algorithm.

DISCUSSION:

Conventional formability test methods used to determine forming limits are usually applicable
only at room temperature. The presented technique can be used to evaluate the formability of
metals for hot sheet stamping applications by introducing a novel biaxial testing apparatus to a
resistance heating uniaxial testing machine. This cannot be performed using conventional
methods for hot stamping applications. The setup of heating and cooling systems and the DIC
system is critical to controlling the uniformity of temperature distribution in a specimen and
thus to recording the deformation history of stretching specimens.

In this technique, the heating and cooling rates can be precisely controlled by a resistance
heating method for complex forming process applications. The biaxial mechanism has a
relatively simple configuration, which reduces the cost and complexity of biaxial tensile testing
compared to traditional biaxial testing mechanisms. However, temperature fields made by
resistance heating are affected by specimen design in this testing system, and temperature
gradients on a specimen cannot be avoided. No existing standard specimen design is available
for biaxial testing.

In summary, this is the first time an FLD of alloys under hot stamping conditions was obtained.
High forming speeds and high temperatures within the designated ranges are beneficial for
enhancing the forming limits of AA6082 under hot stamping conditions. This novel technique
can be used to determine the forming limits of metal sheets under complex testing conditions.
The obtained experimental results can be used to develop a material model that predicts the
thermo-mechanical behavior and the formability of an alloy. The mechanism of the apparatus
can be modified to conduct formability tests subjected to non-linear strain paths in the future.
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Name of Material/ Equipment
Aluminium Alloy
Laser cutter
CNC machine
Vernier caliper
Resistance heating uniaxial testing
machine
High flow quench system
Thermocouples
Nozzles
Welding cables
High-speed camera
Camera lens
Lamp
Laptop

Biaxial testing apparatus
Steel

Image correlation processing
software

Company
Smiths Metal
LVD Ltd
HAAS Automation
Mitutoyo

Dynamic System Inc
Dynamic System Inc
Dynamic System Inc
Indexa

LAPP Group
Photron

Nikon

Liliput

HP

Manufactured
independently
West Yorkshire Steel

GOM

Click here to download Excel Spreadsheet- Table of Materials/Equipment

JOVE_Materials.xls

Catalog Number
6082
HELIUS 25/13
TM-2CE
575-481

Gleeble 3800
38510
K type

HO1N2-D

UX50

Micro 200mm
150ce
Campaq 2530p

H13

ARAMIS
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Comments/Description
Specimens machining
Laser cutting specimens
Machine specimens by milling
Thickness measurement

Thermo-mechanical materials simulator
For air cooling

Nozzle flared 1/4 inch bore
For DIC testing

300W
For images recording

All parts were designed and machinced by authors for biaxial testing
Mateials of the biaxial testing apparatus

Non-contact measuring system and data post-pocessing
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such goals, the Parties destre 1o mamorialize in this Agreement
the respeetlve rights of gach Party [nand fo the Articls and the
Video,

3, Grant of Rights In Agicle. In conskderation of JoVE agreaing
to publish the Article, the Author herely grants to JoVE,
sublect to Sectlons 4 and 7 below, the euctusive, royaity-free,
perpatual {for the full term af mpvrlshl I the Ariich,

it Nen G gD Dertvs 50 Unported
Agreemment, the terms and conditiens of which can be found
at http:fferoativecommons.orgflicenses/ by-nc-

ndf3.0/legalcode; "Derivative Wark™ means a work based
upon the Materials or upon the Matetials and ather pre-
exlstlng wurlu su:h 5o t. lation, musical ar

v Fictionalization, motlon picture versian, saund
recording, art reproducth brid ton, or any
wthar form in which the Materials may be recast, transformed,
ar adapted; “nstitution” means the institution, lsted on the
fast page of Lhis Agreemant, by which the Author wes
employed zt the time of the creation of the Materials; "loVE"

A k

Including any I } licens= {a} 1 publish,
reproduce, distribute, display and stora the Artiche In il lorms,
formats and medla whather now known or hRereafier
developed {including withaut limitatien in print, digital and
electronic form} throughout the warld, (4) to tronslate the
Article Into other | create sdap Hes ar
extracts of the Article or other Dertvative Works [including,
withgu! Imitatlon, the Videa) or Collective Works based on all
or ary portlon of tha Article and exercise all of the rights set
forth in {a] above in such trsnslatians, adaptations,
sutminarkes, extracts, Derlvative Works or Collective Works and
le} to Neense others to do any or all of the above. The

means Mylowe Corparation, a carp and

T rights may be axerclsed in all madia and formats,

the pubfishar of The }oumaf of lized

“Materlals” means the Article and { or the \hdeu, “parting”

meanis the Author and JoVE; “Vides" meens any video(s) made
by the Author, alone or In eonjunction with any other parties,
of by loVE or its affillates or agents, individually or fn
collaboratlan  with the Author or any other parties,
incorporaling alf or any porthan af the Artiele, 2nd in which the
Author may or may not appear.
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W now known or hereafter devised, and include the
right to make such modifications as are technicatly necessary
I expreise the rights [ndther media and formats. I the “Open
Access” box has heen checked in Ham 1 above, JoVE and the
Author herely grant ta the public afl such rights in the Artlde
as provided In, but subject to all fimitstions apd requiremeants
set forth in, tha CRE License.

[

CLTIR

4. Retentop of Rights in Article  Molwithstanding the
exclusive Heense granted lo JoVE In Section 3 sbove, the
Author shall, with respect to the Article, relals the non-
exciusive right to nse all or part of the Article for the non-
commarcial purpose of giving lactures, presantations or
teaching classes, and to post a copy of the Article on the
Institution's webstie or the Author's personal website, In gach
case providad that a hink te the Artitle on the JoVE websile 1s
provided and notice of JoVE's copyrlght in the Article is
fncluded. A non-copyrght Inteliectual proparty rights i and
to the Article, such as patent rights, shall remain with the
Author,

rant of Qights in Videp ~ rd A . This Secifon 5
applies if the “Standard Access™ box has been checked in ltem
1 above or If no box has been checked In ltem 1 above. In
cepnsid of JovE apreelng o produce, display or
otherwise assist wilh the Video, the Author hereby
acknovdedges and agrees that, Subject to Sectfen 7 belew,
JeN'E |sand shall be the sole and exclusive owner of all rights of
any nature, Incladng, without imitation, ali copyrights, in and
to the Videp. Tao the estant that, by lew, the Authar [3
deemad, now or at any time in the hutuee, to have any rights
of any rature in or o the Yideo, the Authar harahy discl

ARTICLE AND VIDEQ LICENSE AGREEMENT

stalute, In such gase, all pravisions contalned hereln that are
net In conflict with such statute shall remain In fuit force and
effect, and all provisions contained harein that do sa conflict
shall be deemed to be amended so as to provide to JoWVE the
maxktnim rights parmissible within such statute,

8. Likaness, Privacy Personality. The Author hereby grants
JoVE the right to wse the Author's mame, voice, likeness,
picture, photograph, Image, Mography and performance e any
way, commerclal or otherwise, In cornection with the
Materials and the sale, premotlon and distelbytion thataof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance In the Video or
otherwkse refating to tha Materlals, under all applicable
privacy, Lkeness, persanality or similar laws.

9, Author Waranties, The Author represents-and warrants
that the Artlele Is origingd, that it has not beep published, that
the copyright interest is owned by the Authar {or, if mare than
one author is Hsted at the beglnning of this Agreememt, by
such guthors collactively] and hos not been assigned, Hoensed,
or otherwise transferred to any other party. The Authar
represents and warrants that the authoris} listed at the top of
this Ag t are the only authars of the Matetlals, I move

ali such rdghts and transfers all such fghts o JoVE,

6. Grant of Rights In Viden — Open Access. This Section 6
appiies only W the “Open Acceas® box has been :hecl:ed th
Izem 1 above. In consideration of JovE to pi

than one author is lsted at the top of Lhis Agreement and i
any such author has not entered into a sepatate Artlele and
Wideo License Agreement with JoVE relating ta the Materals,
the Authar represents ahd warrants that the Auther has bean

dizplay or otherwise assist with the Vides, the Mkhor hele'lnr
grants to JoVE, subject to Section 7 below, the exclushe,
royalty-fre, perpatual (for the full term of copyright in the
Article, including any extensions therete) license {a) ta publish,
reproduce, distribute, display and stare the Video In all ferms,
formats and media whether now known pr hereafter
devaloped {including without limitatlan in print, digital and
electronic form) throughout the world, {b) ta tmnslaie the
Videt Inky ather k cresie adap or
extracts of the Video or ather Derivative Works or Collective
Waorks based an all ar any portlan.of the Video and exercize sl
of the rights set fonth in (a} above in such translatlons,
adaptations, summaries, extracts, Derivative Werks or
Coflective Works and [¢} to license athers to da any or all of
the abowe. The foregalng rights may be exercised in alt media
and formals, whether now known ar hereafter devised, and
Include the right to make such madifications as are technicatly
netessary to ewarcise the rights in other media and formats,
Far any ¥ideo to which this Section & is zppheatle, JoVE and
the Authar hereby grant to the public all such rights 1o the
Viden as provided in, but subject to afl Imitatlans and
requirements set forth in, the CRC Licansa,

7. Governmant Employeass. T the Authar is a Linited States
government amployes and the Article was prepared {n the
course of his or her dutiss as 7 Untled States government
employee, as Indicated o item 2 abova, and any of the
licensas or grants granted by the Author hereender gxceed the
scope of the 17 U.5.C. 403, then the rights granted hereunder
shaft he Imited ta the maximum cights permitted ynder such
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k | by each of tha other such authors to execute this
Agteemnent an his ar har behalf and to bind him or her with
respect o the terms of this Agreement a4 if each of them had
been a party hereto as an Authar, The Author warrants that
the wuse, reproduction, distribution, public or pilvate
perfarmance or display, andfor medificatien af all ar any
pertion of the Materials doas not and will not viotate, infringe
and/or risappropriate the patent, tredemark, intellectust
property or other rights of any thind party, The Author
represents and warrants that it has and will continue to
comply  with all government, institutional and uther
regulatians, including, without Hmitatien all Inati
faboratory, hospital, ethical, human and animal treatment,
peidacy, and all ather rules, regulations, laws, procedures or
guldelines, applicable ta the Materlals, and that afl research
Involving human and animal subjects has bean approved by
the Authet's relsvant institutional review board.,

10. JoWE Discretlon. 1F thie Authar reguests the assistance of
JoVE in praducing the Yides in the Author's facility, the Authar
shall ensure that the presence of JoVE employees, agents ar
independent cantracters is I accordanca with the relevant
regulations of the Author's imstitution, If more than one
author |5 listed at the beginning of this Agreerment, JOVE may,
in its sofe disccetion, sloct not take any ection with respect to
the Article until such time ag it has received complete,
executed Artlcle and Video Ucense Agresments rom each
such authar. JaVE reserves the right, In its absalute and sole
dlscretlon and without ghing any resson therefore, o accept
or decline any work submitted to JoWE  JoVE and I

ployees, agénts and [ 1 shall have
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full, upfettered access to the faclitles of the Author or of the
Author's institutian as necessary to make the Yideo, whather
actualy published or apt. JoVE has sole discretion as to the
methad of making and publishing the Materisls, incduding,
withaut liemitatlan, to all decksh iing mditing, lghting,
{ilming, ¥ming of publication, if any, length, quality, contant
and the llke.

11, indemnlifieation, The Author sgrees ta imdemnify JOVE
andfor its successors and assigns from and agafnst any and alt
claims, tosts, and axpenses, Including attorney’s fees, arising
att of any breach of any ¥ af cther rep

ARTICLE AND VIDEQ LICENSE AGREEMENT

expense. Al indemnificetions provided herein shalt Include
IoVE's atterney's fees and costs related 1o sald losses or
demag Such ind ification and holding harmiess shail
include such losses or damages Incurred by, or in connection
wlith, acts or omissions of JoVE, Its employess, agents or
Independent contractars.

12. Fges. To cover the cost mcurred for publication, JoVE
mist recalve payment belore productfan and pullicatlan the
Materfabs. Payment Is due In 21 days of Invalen. Should the
Materlals not be published due to an ediorial or productian
decision, these funds will be retumed 1o the Authar

contatned hereln, The Author Further agrees to nd Ify and
hold harriess doVE from snd agalnst any and #H claims, costs,
and cxpenses, Including attorney’'s fees, resuliing fram tha
breach by the Author of any representation of wamanty
conlalned hereln of from allegations or Tnstances of vislatian
of inteflectual property rights, damage to the Author's or the
Authers Institution’s faciklles, fraud, Ibel, defamalian,
researnch, aquipment, e:peﬂmnts, praperty damage, personal
Injury, violatians of ! tory, haspital, ethkcal,
humar and animal treatment, privacy or other rules,
regulatlans, laws, procedures or guidelines, Irahllitles and

W lthd: 1 by the Author of any submitted Matarlals after
final peer review approval will result in a US51,200 fee to
cover pi ductlon b d by foVE. If is

not recefved by the completion of filming, productlion and
publication of the Materlals will be suspended until payment is
recabved.

13, Trapsfer, Governing Law.  This Agresment may be
assigned by JoVE and shall inura to the benefits of any of
JoVE's successors and assignecs.  This Agreemant shall be
governed and construed by the internal fews of the

other losses or damages related In any way to the sub

of work to JoVE, making of videos by JoVE, or publization in
JoVE or elsawhere by 1oVE. The Auther shall be responsible
for, and shall hald 1oVE harmbess Fram, damages caused by

C Fth of K I without giving effect 1o any
confilst of law provisien th ipr, This Agresmanit may he
executed [n counterparts, sach of which shall be deetned an
original, but all of which together shaft be deemed to me one
amd the same agresmant. A sighed copy ol Lthis Agreement
delivered by facsimile, e-mail or other mears of slectronic

lack of il lack of cleandi or by ¢ Inatd
dite to the making of a video by ioVE its employees, agents or
independent contractors. Al sterfization, elesnl or

decontamination procedures shall be solely tha responsibilivy
ol the Author and shall be undertaken at the Authors

shall be d ito have the same legal effect as
deltvery of an original signed copy of this Agres ment.

A signed copy of this document rmust be sent with ail new submitssions. Only one Agreement reguired per submission.
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Response to Reviewers’ Comments
Editorial comments:

Changes to be made by the Author(s):

Protocol Step 5.2: How is the stretching done? Is this software controlled? Please
mention the steps involved. This is essential to ensure that our scripting team can plan
filming accordingly after the manuscript is accepted.

Thanks. This information has been added on P4.

Please ensure that your discussion covers the following in detail: 1) modifications and
troubleshooting, 2) limitations of the technique, 3) significance with respect to
existing methods, 4) future applications and 5) critical steps within the protocol.

Thanks. All has been covered. Information on 1) and 5) has been shown in the first
paragraph of the Discussion section, p6. Information on 2) and 3) has been shown in
the second paragraph. Information on 4) has been shown in the last paragraph.

After you have made all of the recommended changes to your protocol (listed above),
please adjust the highlighting to identify 2.75 pages or less of text (which includes
headings and spaces) that should be visualized to tell the most cohesive story of your
protocol steps. Please see JoVEs instructions for authors for more clarification.
Remember that the non-highlighted protocol steps will remain in the manuscript and
therefore will still be available to the reader. Please bear in mind that the complete
video filming process (if the manuscript is accepted) will be completed within one
day (typically 6-8 hours).

Thanks. Text has been highlighted.

Grammar:

-Please  copyedit the manuscript for article wusage (a, an, the).
-Long abstract — “to enable determination of forming limits of an alloy various
temperatures and strain rates”

-5.2 — “the trigger button connected the high-speed camera”

Thanks. Grammar problems above have been corrected.



http://www.editorialmanager.com/jove/download.aspx?id=573669&guid=3c603687-626a-4dfd-9a2f-8319845957ec&scheme=1
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Visualization: 2.1 is confusingly labeled. Objects are plural even when a single object
is indicated. Are there 4 of each specimen holder, carriage, and top plate? This is not
clear and very confusing. Please also provide a photograph of the setup for step 2.2.1
and 2.3; this can be included as a supplemental file.

All have been changed to be singular noun. There are 4 carriages, specimen holders
and top plates. They are identical in the figure. Figure 3 has been added.

Additional detail is required:

-1.1 — How is this done? Please provide a citation.

Laser cutting and milling are basic mechanical method to machine samples. Nothing
is special here but just follow the standard steps of using the machines. Names of the
machine are listed in the Materials table.

-1.2 — What is meant by “in gauge sections?”

Improved on p2.Gauge section is widely used to define the concerned region on a
specimen.

-1.3 — What is used to spray the white dots? Is there a particular distance from the
sample?

Information has been added on p2. The same spray as the black one, the name of
spray had been listed in the Materials table.

-2.1.1 — How is coupling performed?

Information has been added on p3.

-2.1.4 — How is each arm clamped?

Each arm is clamped by screw bolts. This has been stated.



-2.2 — How does one set up grips?

Figure 3 has been added.

-2.3.2 — Which apparatus? Is the specimen put in the specimen holder?

Yes. This has been added.

-3.4 — What central region? It sounds as though air from the arms is being blown to
the center of something. Is this what you mean?

Yes. This has been clarified.

Results:
-Figure 1 — Please include a scale bar.

Added as suggested.

-Figure 3 — Please define the symbols in the figure legend. It is not entirely clear
which label goes with which condition in the chart.

Added as suggested.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

Good

Major Concerns:

No

Minor Concerns:

Could all the figures be with coloured images/artwork ?




Figure 1, the lens is only for black-white images recording. Figure 2, no colour of all
metal components anyhow. Figure 3 and Figure 4 are in colour now.Thanks.

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

This paper proposed a new experiment method for the determination of forming limit
of sheet metals under hot stamping condition. The FLD obtained is important and
useful for hot stamping at high speed and high temperature.

Major Concerns:

N/A

Minor Concerns:

In the last sentence of long abstract, it seems that at is missed before various.

This has been corrected.

Additional Comments to Authors:

several related papers maybe added in the references;

[1] Xiao-bo Fan, Zhu-bin He, Wen-xuan Zhou, Shi-jian Yuan, Formability and
strengthening mechanism of solution treated Al-Mg-Si alloy sheet under hot stamping
condition, Journal of Materials Processing Technology , 2016, 228: 179-185

[2] Xiaobo Fan, Zhubin He, Peng Lin, Shijian Yuan, Microstructure, texture and
hardness evolutions of Al-Cu-Li alloy sheet during hot gas forming with integrated
heat treatment, Materials & Design, 2016,94:449-456

[3] Xiaobo Fan, Zhubin He, Kailun Zheng, Shijian Yuan, Strengthening behavior of
Al-Cu-Mg alloy sheet in hot forming-quenching integrated process with cold-hot dies,
Materials & Design, 2015, 557-565

Ref [11] has been referred.

Reviewer #3:

Manuscript Summary:

Presented in this paper study provide insight into hot stamping problems. The
presented technique can be used to evaluate formability of metals by introducing a
novel biaxial testing apparatus onto a resistance heating uniaxial testing machine. The
problem is of special significance to gain better insight into to determine forming

4



limits of metal sheets under complex testing conditions. Hence, it is an interesting
problem from the point of view of metal forming.

Major Concerns:

N/A

Minor Concerns:

It is possible to make a number of criticisms. For example, Fig.2 showing the setup of
the testing equipment is unclear. Improving the visibility of the principle of operation
would be very helpful. Also the message resulting from Fig. 1 is insignificant. This is
just some info about the DIC methodology. It would be better to present photos of the
samples after the tests.

Figure 2 is just the assembly of the biaxial apparatus instead of the entire testing set-
up. Figure 1 was added according to previous editorial suggestions and now a
photograph after stretching has been added. Figure 3 is added to show the set-up
clearly. Thanks.

Additional Comments to Authors:
N/A



