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Overview

Timeline Barriers

» Start: Mid-year 2008 » High Cost of Mg Sheet (AZ31B)
» Finish: Mid-year 2010 m  Continuous-cast vs. Wrought sheet
» 90% complete » Processing and Performance Issues

®  Formability and post-formed properties
®  Non-graphitic/boron nitride lubricant

» Total project funding » USAMP team - AMD602
= DOE - $600K ®  GM (Paul Krajewski)
» FY08 Funding - $180K m  Ford (Peter Friedman)

m  Chrysler (Jugraj Singh)
m  Troy Tooling Tech. (Dennis Cedar)

» Commercial Mg sheet vendors

» Canada Center for Mineral & Energy
Technology (CANMET) (Kevin Boyle)

» University of Virginia (Sean Agnew)

» FYO09 Funding - $350K
» FY10 Funding - $70K
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Objectives

Reduce processing costs for automotive sheet products by replacing
conventional wrought processed Mg sheet with continuous-cast sheet.

Evaluate formability of continuous-cast Mg sheet

m Identify non-graphitic/boron nitride lubricant for Mg forming at
T ~350°C

m Determine relation between Mg sheet surface roughness &
formability

m Determine bi-axial forming limits via limited dome height
(LDH) tests

Evaluate post-formed properties of continuous-cast Mg sheet
m Identify forming conditions for maximum post-formed tensile

m Determine correlation: microstructure « formability «» post- e

o formed performance e
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Month/Year

Milestone or Go/No-Go Decision

March 2009

Complete an upgrade of the PNNL bi-axial forming test apparatus
to include the capability to test at temperatures upto 350 °C.

Sept. 2009

Complete 18t round evaluation and down-selection of tooling
lubricant type.

Dec. 2009

Of the five commercial vendors whose continuous-cast AZ31B
sheets were warm-formed into test pans, determine the post-
formed mechanical properties of sheet material that demonstrated
successful formability (i.e. crack-free and wrinkle-free test pans)
over the widest temperature and pressure range.

March 2010

Of the five commercial vendors whose continuous-cast AZ31B
sheets were warm-formed into test pans, determine the post-
formed microstructural texture of sheet material that demonstrated
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Technical Approach

Market survey for lubricants for Mg sheet forming

= Down-select lubricants and identify alternatives to boron nitride/graphite-based
lubricants for Mg “warm-forming” temperature ~300-350 °C.

Tribology of Mg warm-forming

= Evaluate Mg AZ31B sheets from 5 vendors (sheets provided by USAMP AMD 602):
Surface roughness and coefficient of friction with down-selected lubricants.

Post-formed property characterization

= Perform quasi-static tensile tests and microstructural characterization of magnesium
pans that were warm-formed by USAMP AMD 602 (150-350 °C).

Elevated temperature formability testing

= Evaluate tungsten disulfide and boron nitride lubricants for magnesium sheets using
Limiting Dome Height (LDH) tests (In Progress).
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Technical Accomplishments

100 L 1 L 1 L 1 L I 14
Netzsch STA409 C/CD
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80 | Atmosphere: Air, 10 ml/min |
Acheson DF1105 (32.9 mg) | | 10 ¢
X 60| Pyrotek EG135 (27.6 mg) g é
Thermo Gravimetric = © Acheson F60A (28.6mg) | | =e Differential
Analysis 2 Fuchs BN (40.3 mg) 6 Eﬂ 2 Scanning Calorimetry
(TGA) = — T § % (DSC)
4 5 z
2
0
0 ~ 100 200 300 400
10 °C/min

Temperature, °C

Thermal stability of boron nitride (used by USAMP-AMD602) and 4 down-selected lubricants was
determined.

Lubrication during Mg warm-forming (175-350°C) likely occurs through solid residue due to thermal

decomposition/evaporation of the lubricant/carrier upon heating to test temperature.

Non-isothermal warm-forming may lead to mixed lubrication (solid + liquid) depending upon
temperature distribution and rate of thermal decomposition /evaporation of the lubricant.

Pacific Northwest
NATIONAL LABORATORY

7 Proudly Operated by Battelle Since 1965



Technical Accomplishments

3.0 (i) Averages of 5 readings Mitutoyo Roughness Tester SJ201
at random locations on 1 sheet Tip: Plamond, 5 micron radius
(i) Unknown vendors: A, M, N, O, X Fgrce. 4 mN. .
2.5 - (iii) Mg Elektron: E (O & H temper) Filter: Gaussian (50%, Phase Compensation)
: Travel speed: 0.5 mm/s
Evaluation length: 0.8 mm x 5
0° Standard: ANSI
2.0 4 |-45° ) 45°
90° A1 Top B
g B A-1Back “gBlind”
= M-1 To . .
::.; 1.5 ~ — M-lBaSk trials with
[ - N-i Topk — AZ31B sheet
N-1 Bac
=] 0-1 Top vendors
1.0 1 O-1 Back
Bl X-1 Top
I X-1Back —
[ EH-1 Top
0.5 A I EH-1 Back
I EO-1 Top
I EO-1 Back
0.0

_45 o OO 45 ] 900
In-plane Orientation
(0° // Rolling Direction)

1. Wide vendor-to-vendor variation in Mg sheet surface roughness (R, 0.2-2 um & R, ~2-15 pm).

2. Mg sheet roughness was related to its warm-formability:
«  “High” roughness ~ “Good” formability (vendors A, X).
*  “Low” roughness ~ “Poor” formability (vendors O, N).
«  Exception: Vendor M - additional factors e.g. microstructure need to be considered too.
v—' -;;I
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Technical Accomplishments

B =60°, R=25.4 mm Bending-Under-Tension Friction Test
B=149.8N AZ31B, 460 mm x 25.4 mm x 1 mm
[Steel Roller, 1 um finish 350°C in Air
[ Pull-speed = 15.2 mm/min
£ 06
Q
—
o . L
At 350°C, using 5
Bending-Under- 2 047
Tension technique 2 ]
= | WS2
= = BN .
Q 02 " EGI35 Lubricants
o H  F60A
|| DF1105 -
| No Lube
0.0

A M N 0 X
AZ31B Sheet Vendor

Used by AMD602
Proposed ;jlte,«r,;,,»ce:_\‘\4 Coefficient-of-Friction
EG135 DF1105
0.10-0.19 | 0.17-0.23 | 0.24-0.33 | 0.29-0.40 | 0.33-0.46 | 0.53-0.64

COF for Mg-lubricant combinations was provided to OEMs for their mathematical models to
simulate Mg warm-forming.

Tungsten disulfide (WS,) was identified as a potential alternative (to BN) for Mg warm-forming.

Thick layer of residue masked the effect of sheet roughness on COF.
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Technical Accomplishments

All Vendors

250 T T 250 PP ——
o] Mg AZ31B Pans L Mg an= [0 Rolling Directi
o g Trection
Vendor A = Formed at 225°C - s .
E__ 3000 Ibf Binder Pressure & | 2250 Ibf Binder Pressure i Neapswerse Digoction
" BN Lubricant - [ BN Lubricant
3 ASTM Sub-size Tensile w230 - ASTM Sub-size Tensile x
= 25°C, ~0.005/s E - 25°C, ~0.005/s -
) b L —
L o |——{
8 Transverse o - | v
= Direction g 20+ x x —
Q- (90°) R R = -
2 200 = R — - — —
= — — — —
g =g = — — —
- : el — —] — —
X & —] —] — —
N ) = — = — —
o 175 - = L || (= — _‘ — —
® Rolling B o170 L || I —  (Tentative) — —
Q Direction £ | | B B
5 (0°) & = — — —
Z x v v Vv x v Vv = = — = =
150 S (" M 1 L P 150 ] ] ] ]
125 175 225 275 325 375 A M N 0 X
Pan-Forming Temperature, °C Mg AZ31B Vendor

. Forming at 175°C-200°C - Maximum strength . Best formability # Maximum strength

(suitable for oil lubricants!) (Vendor A) (Vendor O)

. Forming at 150°C-350°C > ~10% spread in . ~10-15% improvement in strength in
strength “A” might be possible.

. True strain to failure ~20% \3?/
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Technical Accomplishments

Vendor A Mg Pan
{0001} Pole Figures via Electron Backscatter Diffraction (EBSD)

56, 3000 Ibef, 200°C For B0 25 o] <— Pan-forming
Max: 10.6 Max: 12.1 Conditions

Max: 7.99 D Max: 10.7 Max: 12.6

« Goal is to relate microstructural parameters (texture, hardness, . —
grain-size etc.) to post-formed properties and formability.
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Accomplishments and Impact

(- [CRTITE] GIEE: @ | Snse: Guidance to Mg sheet vendors for desired

surface roughness on warm- ‘ .
P TminGlororesaimindow >y sheet characteristics

2. ldentified tungsten disulfide as : TP
) : : Cost-reduction and process simplification
a potential alternative lubricant :
: of Mg warm-forming and down-stream
to currently used graphite/
processes

boron nitride based lubricants.

E——

Cost-reduction by avoiding high-
temperature (>300 °C) processing and
associated lubricant issues

3. Identified warm-forming
conditions for best post-formed

tensile strength.

Optimum combination of formability and
post-formed mechanical strength -

Pacific Northwest
NATIONAL LABORATORY

4. Identify microstructural effects
on Mg warm-formability &
post-formed strength.
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Collaboration & Coordination with

Other Institutions

- » USAMP team — AMD 602
m  GM (Paul Krajewski)
m  Ford (Peter Friedman)
m  Chrysler (Jugraj Singh)
m  Troy Tooling Tech. (Dennis Cedar)
- » University of Virginia (Sean Agnew)
—> »  Canada Center for Mineral & Energy
Technology (CANMET) (Kevin Boyle)

i+l

UNITED STATES Al ITARAATIIE R aRTED!

UNIVERSITYs VIRGINIA — g

ENGINEERING

» The project scope was developed in coordination with the USAMP team.
* USAMP team provided the AZ31B sheets and formed pans.
» Data and information was shared with USAMP, UVA and CANMET -

through regular discussions. //
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Current Status
Warm-forming Integrated Line
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Proposed Future Work
Remainder FY2010

» Relate microstructure, post-formed
strength and formability

m EBSD and metallography

» Forming limits under bi-axial
forming

m Limited Dome Height testing

- T

Path Forward
» Non-isothermal warm-forming of Al
and Mg

m Tribology under non-isothermal
conditions

m Model thermal and strain
distribution in sheet

®m  Enhance durability of forming-die
for high-volume manufacturing

= ————

— .

Communicate findings to
the OEMs
Journal/conference
publications

Enable high-volume
manufacturing of Al and
Mg sheet parts for OEMs

- —

"
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Summary

Owing to its lower cost, continuous-cast Mg sheet can help overcome the cost-barrier of the
conventional wrought Mg sheet and enable US automakers to achieve automotive weight
reduction targets.

Correlation between Mg sheet surface roughness, coefficient-of-friction (with lubricants) and
its warm-formability, developed in this project, could help establish Mg sheet property
guidelines for commercial vendors.

Tungsten disulfide was identified as a potential alternate lubricant to currently used
graphite/boron nitride-based lubricants.

Maximum post-formed strength (for vendor A) was obtained by forming at ~175-200 °C.
Forming at these (i.e. < 300 °C) temperatures can be done with conventional oil lubricants,
eliminating the cost and issues associated with high-temperature lubricants.

Microstructural analysis (in progress) is expected to identify optimum parameters (initial
microstructure and forming temperature) for simultaneous warm-formability and high post-
formed tensile strength.
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SUPPLEMENTAL SLIDES
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Lubricant Down-Selection Table

Product . Lubricant Usable
Name Company Chemistry Form Removal Temperature Cost
Deltaforge
1105
Achespn Carboxylates Water based Water 370 C ~3.5%/Ib
Deltaforge | Colloids
F-60A
Pyroslip Graphite + Water soluble -

135 Pyrotek Polymer synthetic polymer Water >660 C $8/lb
Tungsten Lower 0.5 um dry 5 -
Disulfide Friction WS, powder Water 538 C 45 $/1b

Forge Liquid Provided
Ease 06 Fuchs BN cus ‘;nsion Water >1000 °C by
ALWF P AMD 602

1.

2. Lubricants evaluated via friction tests (350 °C)

Lubricant selection criteria
Thermally stable at 350 °C

a.
o}
o}

Easy removal

Low cost

o
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AZ31B Sheet Roughness

R,: Maximum Two-Point Height of Profile

(i) Averages of 5 readings Mitutoyo Roughness Tester SJ201
S at random locations on 1 sheet Tip: Diamond, 5 pum radius
10 die : (i) Unknown vendors: A, M, N, O, X Force: 4 mN
: : : s (iii) Mg Elektron: E (O & H temper) Filter: Gaussian (50%, Phase Compensation)
Dlamonq P Travel speed: 0.5 mmy/s
0° Evaluation length: 0.8 mm x 5
-45° I 45° Standard: ANSI
90° Il A-1Top )
i e R e I A-1Back
28KV ¥1.880 18mm - M-1 Top “B 1 i nd”
M-1 Back . .
B - Tf; >_tr~1als with
| I(\)f} liack AZ31B sheet
:- Orl B vendors
I X-1Top
B X-1 Back ——
[ EH-1 Top
I EH-1 Back
I EO-1 Top
I EO-1 Back
0
-45° 0° 45° 90°
1 N In-plane Orientation
R = Y- (0° // Sheet Length)
a N l
i=1 R, ~2-15 um - Could influence formability via
R, =max(Z;) lubricant retention ability of sheet —

o
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Coefficient-of-Friction (COF)

Experiments

Modified Bending-under-Tension

Instron Load Frame

Furnace

Davies et al., Proc. Int. Symp.
Superplasticity and Superplastic
Forming, ASM, 2002.

Front View

Dead-weight

“B”
Magnesium
18" x 1" x t
Radius
o — “Ru
(0 %Lubricant
\ |
?';[

Load, P
Actuator

Friction Tested Section

DF1105

Lubricant
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Coefficient-of-Friction (COF)

Determination

350 . - M Sh tnAnl
g Shee
No Lube | 3 5h00in Air
3112‘11105 B=1498N
300 4] B =60°
""" - EGI35 | Rr=254mm
| LR F60A Steel Rollers * Bending-Under-Tension
Z (1pm polish) technique
2 250 A * 5 AZ31B Vendor sheets
.3 5 lubricants
* 350°C in air
200 -
Middle Roller
150 N Locked . .
0 20 40 60 80

Displacement, mm

COF — (é)[m +R0.5r)}1{(13f = P )}

COF of Mg sheet/lubricant combinations

under simulated elevated temperature
forming conditions was determined.
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Asz-heat Treated
(Un-coated)

Asz-heat Treated
{Coated)

Heat Treated +
10 min U/sonic in
Warm, Soapy Water

Heat Treated +
Hand-wipe w/ Warm,
Soapy Water +
Water Finze

Heat Treated +

10 min U/zsonic in
Ethanol +Hand-wipe w/
Ethanol

Magnesium Elektron AZ31B Strips

Preliminary experiments showed all lubricants could be
removed by washing with warm-soapy water.

S
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AZ31B Forming Trial Results

Courtesy AMD 602 Team

A Summary Matrix

1000 1500 1750 2000

N Summary Matrix

1000 1500 1750
350c
325¢
300c
275¢
250c

225¢
200c

175¢

Z2 Z2 Zz2 Zz2 Zz2 Z2Z Zz2Z Z2 Z

150c

o
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Post-formed Mechanical Testing

IS0
300
i * AZ31B Pans (Vendors A, M, N,
i 0, X)
- B0 « Warm-formed @ 150°-
g: AZ31B Pan °
E N//4 Pan #166F-Vendor A 350°C
= 200 - 200°C, BN Lubricant .
2 ' 3000 Ibf Binder Force 2250 or 3000 1bf
@ binder pressure
b . . . >
Lo1s50 i Tensile Specimen * Sub-size ASTM specimens
= ASTM Sub-size .
. = 25°C, ~0.005 /s * Tension tests, Room-
0 100 : temperature, ~0.005/s
(Rolllng R" 0 deg., Loc. #1
\ . 0.25 —5—0deg., Loc. #2 * Along RD and TD from pan base
Direction) i = 0 deg., Loc. #3
I —o— 90 deg., Loc. #A
® 90 deg., Loc. #B
[ —4— 90 deg., Loc. #C
0 OB (RN N N (N T | | e S

0 0.05 0.1 0.15 0.2 0.25
True Strain

Attention was focused on the best forming material (vendor A).

o
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Limiting Dome Height (LDH) Testing

(In Progress)

PNNL Heated LDH Setup with
Strain-Imaging Capability

Imaging sheet
deformatior AZ31B-O
1 mm, 350°C

Mg sheet <«

Forming Limit Diagram

Lower
Blank
Holder

Major Strain, £,

Bi-axial forming limits of Mg sheets using BN and WS, lubricants

will be determined.

o
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Questions?

Contact:
» Aashish Rohatgi (509) 372-6047
aashish.rohatgi@pnl.gov

* Mark Smith (509) 375-4478
mark.smith@pnl.gov
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Friction Stir and Ultra Sonic Solid
State Joining of Magnesium to Steel

Yuri Hovanski, (509) 375-3940, yuri.hovanski@pnl.gov
Glenn Grant and Saumyadeep Jana
Pacific Northwest National Laboratory
Michael Santella
Oak Ridge National Laboratory

Presenter: Mark T. Smith, (509) 375-4478, mark.smith@pnl.gov

This presentation does not contain any proprietary, Project ID: PNLO11
confidential, or otherwise restricted information
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Project Overview

vvyyy

Project Timeline

Start: Mid-year 2008
Finish: 2011
60% complete

Total project funding
s DOE - $1.5M
m  50/50 Split with ORNL/PNNL

FYO08 Funding - $200K
FYO09 Funding - $500K
FY10 Funding - $500K
FY11 Funding - $300K

Technology Gaps/Barriers

Few options exist for joining Mg
components to steel structures

Solid state technologies have yet to be
investigated, but have potential for
providing low-cost high strength direct
bonding between Mg and Steel

Partners

USCAR Joining team
®  GM (J. Quinn & B. Carlson)
m  Ford (E. Hetrick)
m  Chrysler (J. Becham)

Commercial Mg/Steel sheet Producers
Mg-Front EndR & D team (MFERD)
Oak Ridge Nati
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Relevance: Project Motivation

» Development of solid-state technologies for bonding Mg to steel
may enable broader application of Mg alloys in automotive
structures requiring integration with steel components

. Utra-high-strength steel

B exveabighatrengen steel

Wery-high-strength steel
High-strength sieel
| i
Milet stoel, Basmming grade: X '-ii"_;:" J
B ssiminuem - L. [ ﬂ

.Mmpmlum

- [ M,_._g?"jsheet, extrusions and castings need bonding
. mechanism to steel passenger compartment

?’olld state ﬁjs may be low cost alternatives
 to mechanical fastening or SPR

- T - = -
¢ . - . L s . -
- . - - _ pm— _ =
= ¥ 4 - = | .'-' v - e . -
v g . . r =l = -— .
ey w T N 5, - -
! = S oS ot e + f g : ’ - -
! o, - 0 - 5 # ;
. a . - S 4 L " L .
\\\\_ . i — ™= -
= 4 >
¥ o .
L -
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Project Milestones

DOE
Significance

Feasibility
Structural
Significance

Full
Structural
Capability

Demonstratec

Month/Year

Milestone or Go/No-Go Decision

Jan. 2009

Initial Decision
Gate

Demonstrate Solid State Joining of Mg to Steel
Achieve a minimum tensile strength criteria of 40%
joint efficiency or 1.0 kN x sheet thickness for spot
configurations.

Sept.2009

Midterm
Decision Gate

Demonstrate Baseline Structural Joining
Achieve a minimum tensile strength criteria of 60%
joint efficiency or 1.5 kN x sheet thickness for spot
configurations

Complete Comprehensive Structural

Technology

Sept. 2010 | peyvelopment Achieve a minimum tensile strength

rinal Decision | criteria of 75% joint efficiency of 2.0 kN x sheet
thickness for spot configurations

July 2011 Demonstrate Corrosion Protection Strategies

Final Milestone

for Solid State Mg/Steel Joint -

s e

. »M'_i;“u
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Approach: Solid State Development

as — Process developmen

m Systematically evaluate the application of friction stir welding
and ultrasonic welding of Mg to Steel (parameter scoping)

o Develop an improved understanding of the interaction of process
parameters with appropriate alloy/product form combinations

o Develop appropriate tooling appropriate to materials
o Access process applicability per Initial Gate (completed)

Power Supply

m——ir = WM S \AA
| | Y. i ; + i

VSFI0H0 Kz b0 H:

= - K = %
pieto eleciric Hlfﬁﬁ\.ﬁfw‘ Wﬂ'ﬂ'ﬁ\ lI|IIIIIII|III|I'IIIII| IIIIIIII
cemmic crysul mackanital vithwlory energy |

—————

Friction Stir eIi
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Approach: Solid State Development

» Task 2 — Characterization / Structural Strength
m Evaluate interface of joint produced during Task 1
o Investigate metallurgical compatibilities
o Correlate process parameters to mechanical properties
» Refine parameters and tooling to achieve structural baseline
o Access results per midterm decision gate for go-no go

¢ Completed Sept. 2009 with greater than 60% joint strength
achieved

m Develop process parameters for structural (>75%) joint strengths
» Task 3 — Corrosion / Interlayers
m Access joint corrosion based on MFERD specifications
o Tests will be ran based on similar criteria for direct comparison
m Investigate the effect of coatings on corrosion and joint strength———
o E-coats & palnts on Mg alloys;-Zn-varia ions on stee -
m [ntroduce interlayers and other Isolation-stre egies \7/
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Current Progress and Scheduled Work

Completed Tasks 1 and 2

v Passed Initial & Secondary Decision Gates (40% & 60% joint strength)

Completed work

Future Decision Gate

Future Work

Completed Work —

Fiscal Year 2008

Fiscal Year 2009

Fiscal Year 2010

Fiscal Year 2011

Quarter

Q
1

Q
2

Q
3

Q
4

Q
1

Q
2

Q
3

Q
4

Q
1

Q
2

Q
3

Q
4

Task IA: Develop FSW

1.1 Material Selection

1.2 FSW relationships

Decision Gate

Task IB: Develop USW

1.1 Material Selection

1.2 USW relationships

Decision Gate

Task 2: Bond
Characterization

2.1Material Selections

2.2 FSW/FSSW Structural

2.3 Ultrasonic Structural

Decision Gate

Near Term Gate

2.4 FSW Advanced
Development

2.5 USW Advanced
Development

2.6 Joint Characterization

Decision Gate

Task 3: Corrosion

— e

+4-31 Material Selection

Corrosion and

MOsion

3.3 InterlayerW""

3.4 Characterization

e




Technical Accomplishments:

» Demonstrated Baseline Structural Joining by achieving a tensile
strengths > 60% joint efficiency (FSW) and > 1.5 kN x sheet thickness
for spot configurations (USW)

» Represents a 20% increase in joint strength from last year

9 10
—— AZ31 + 1.5 mm HDG HSLA steel
o 5xTtip 9 -+ -+ AZ31 + 0.8 mm HDG mild steel

> 4- e TxTtip >

- 2 g
E <
()] -
a o

5 ° g 71
v 5
E =

— 6 -
g2 3
W e
a (92]

© o 5 A
= 14 4

4 -

s | | | | T | 3 . . . . .
0.2 0.4 0.6 0.8 1.0 1.2 200 300 400 500 600 700 800

Welding time, s

Tool Rotational Velocity (RPM)
r Tensile Str

"
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Technical Accomplishments:

» Characterized the joint interface via optical and electron
microscopy, EDX/EDS, microhardness, etc.

m Evaluated the metallurgical mechanisms affecting joining
m Characterization on Mg/Steel joints not previously understood
o Understanding the role of Zn in the both processes

T .= AZ31B-H24

AZ31 to 1.5 mm HSLA Steel

== 20pm SR Sl g ],

Expulsion of Mg/Zn from Solidification microstructure
weld interface common to indicating the galvanized 110°0.8 mm mild Stee
both joining processes coating has been melted

prior-te-transport : %
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Summary and Upcoming Work

» High strength solid state welds are possible using both
ultrasonic and friction stir welding processes

® Intermediate strength gate was passed with both processes

» Joint interface characterization
m Strength increased with weld size for both processes

m /Zn coating appeared critical initially, yet Zn is transported
from weld interface with both processes

m Effects of coatings, adhesives, and paint on materials

» Future efforts will continue to address issues related to
the fundamentals and manufacturing of each process

m Zn coating effects on joint strength and corrosion protection
O Clamplng forces, weld offsets and sheet stack-ups -
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Ultrasonic welding

as — Process developmen

m Systematically evaluate the application of ultrasonic welding
of Mg to Steel

m Develop an improved understanding of the interaction of
ultrasonic energy source with appropriate alloy/product form
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Activities Updates

» Welds were made using:
m 1500 W, 0.2-1.2 s, 90 psi line pressure

» Mg was AZ31B-H24 (1.5 mm thick), buffed to remove oxide
» Steel was 0.8-mm-thick mild steel HDG
m Acquired from auto assembly plant

m Solvent cleaned to remove lubricants and other extraneous
matter

Sonobond CFL2500
(capable of 2500W)
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USW Sonotrode tips

-mm IS cited In publishea technical literature

» 7-mm x 7-mm has diagonal of 9.8 (within flange width limits)
m Larger weld area should increase joint strength

» 10-mm-Q (within flange width limits)
m Further increase in weld area for same perimeter limit

» USW machine limits maximum applied pressure

m Welding at constant nominal pressure was possible for 5 x 7
and 7 x7

m Pressure limit prevented welding with 10-mm-J
g 10-mm-Zawas re-machied to 8-mm-J

Tool material is hardened

T1 tool steel
/////f”
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USW spot welds are in range of RSWs of AZ31

Table 2—Summary of Welding Conditions for Sound Spotsin 0.064-In. AZ31A-0 Sheet with the Three-Phase Low Frequency
Converter Machine at 8%/7 Cycles

Electrodes 11/4 in. diameter, 4-in. R dome tips, wire-brushed sheet

FElectrode Range of Range of Range of
force, weld strenglh, spot diamelers, welding currents, Yo
b b in. amp Penetration Limiting conditions

1750 581 0.223 35,200 30-45 Cracks and expulsion
2000 719-823 0.253-0.289 37,900-39,900 30-55 Cracks and expulsion
2340 833-941 0.283-0.336 43,600-48, 500 35-60 Cracks and expulsion
2550 896-1075 0.305-0.379 48,500-56,700 35-65 Cracks and expulsion
2650 878-1078 0.313-0.373 48, 500-58, 600 30-65 Cracks and expulsion
2860 901-1166 0.311-0.420 50, 800-65,200 25-65 Cracks and expulsion
3400 1008-1283 0.328-0.431 53,200-67,900 20-80 Cracks and expulsion

-“SpoT Welding of Magnesium with Three-Phase Low Fr‘equ-ency Equipment,
P. Klain, D. L. Knight, and J. P. Thorne, Welding Journal, v32 (1953) 7-18
» RSW lap-shear strength range: 2.6-5.7 kN (depends on spot diameter)
» AZ31A sheet was bright pickled + wire brushed (more extensive cleaning)
» Equivalent diameters for USWs:
m 5x7 — 0.26-inch-dia; USW strength = 3.7 kN max.
m 7 x7 — 0.31-inch-dia; USW strength ~ 4.0 kN

o
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Mg-Zn reaction is apparent at shorter weld
times (0.4 s)

»Unetched condition highlights
reaction layers of Mg & Zn

»Composition of interlayers
stggests mass transport-of- Mo
towards the-stee

»Etched condition shows Mg
microstructure is nearly

uncnangead
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Reactions are barely visible at longer weld

times (1.0 s

' AZ31B-H24
,-..' Q‘ R - |

g4 rohe

%>

»Unetched condition shows reaction »Etched condition shows Mg has
layers are not clearly visible at weld  recrystallized -
center
tgtLn_interlayer appears to be S
completelyexpelled after 1.0 s
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More detailed Examination of Reaction Layer

» Mg and Fe are immiscible

® No reaction or mass | | o
transport leads to weak :
bonding i i/
» Reaction Layer /
m Al-rich reaction layer

could be responsible for
high weld strength

m Al reacts with both Mg

and Fe COLO MINES COMPO 10.0kv  X15,000 WD 9.9mm
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Contribution of Adhesives: Preliminary

Lap Shear Strength (kN)

Mag-Steel Adhesive Options

8.00
6.00 —
|
5.00 ¢ Uncured Adhesive Samples
‘ B Cured Adhesive 160 C 30 min
ety W ——
4.00

A 7x7 tip Mag-Steel USW

Linear (Uncured Adhesive
Samples)

Linear (Cured Adhesive 160C
30 min)

Poly. (7x7 tip Mag-Steel USW)

0.6

0.8 1.0
Time (sec)

m Options are

Iscussed with Dow
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Friction Stir Welding of Mg to Steel

» Linear Welds in Lap Configuration

m Mg sheet on top, with zinc coated
steels serving as backing

m Initial focus on characterization and
parameter development

» Process Parameter Development
m Feed Rate, Rotational Velocity,

» Material Combinations
m AZ31to 0.8 mm HDG mild steel

_|_

Plunge Force

m Tool Design, Material

m Offset

m AZ31to 1.5

A

» High Strength Precision Friction
Stir Welding Machine at PNNL

DG HSLA steel m Base runout less than 0.0002”
m Capable of 30,000 Ib down

/jgrgeand—?—,ﬁﬁﬁ Ib Tater
loads

Magnesium| \3?/
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FSW Tool Designs for Lap Welds in Mg/Steel

» Tool Material: -Convex Scrolled shoulder with a tapered and
threaded pin
m Hardened H-13 Tool Steel
» Flat Scrolled Shoulder Tool

m Phase | development with
2.0 mm thick AZ31B

m Poor depth range

» Convex Scrolled Tool
m Designed for Phase |l

0.170 at bottom gg-:\:.lvﬂs
_with 10° taper to base_ 3.25 revolutions
CCW
2 Starts

2.5 revolutions
Rectangular thread:
0.005H x 0.01 wide

L} oce

comexragive . DETAIL C
reoragus | SCALE 10 : 1

: _ - Flat Scrolled shoulder, threaded pin with flats
V,\‘/’lor‘;r‘]"gg 23-25mm T |
g . ] ﬁ\‘.. . o.oao.g:g_; -
m Provides variable depth HHE il 4
® Increases heat input with o T
features e e (L2

7
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Effect of Process Parameters on Joint Strength

» Material specific operating windows

m 0.8 mm steel configurations showed peak at 400 RPM

» Peak joint strengths as a function of load bearing capability

10

Lap Shear Strength (kN)

—— AZ31 + 1.5 mm HDG HSLA steel
- - - AZ31 + 0.8 mm HDG mild steel

..'E' ..... =
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Tool Rotational Velocity (RPM)
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Weld strength, N/mm
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. Processpm

—O0— AZ31 + 0.8 mm steel, Tool 2

—0O— AZ31 + 1.5 mm steel, Tool 2

—— Load bearing capability, AZ31

= ===Load bearing capability, 0.8 mm steel

400 600 800
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Comparison of Cross-section Macrographs

ooked region (deformation under 100
pin) of the 0.8 mm steel sheet was
~5.13 mm, while on the 1.5 mm steel it
was ~1.89 mm

» Joint strength was higher with 1.5 mm
HSLA, yet joint efficiency was higher
with the 0.8 mm mild steel welds

» Along the Mg/Steel interface, existence
of a new phase can be clearly seen.
This new phase results from Zn melting

and subsequent reaction with solid Mg. AZ31 to 0.8 mm mild Steel

SEM images confirmed the same. =
Hexagonal particles are also noticed. -

» Mg/Zn alloy is transported from area S ' § S d ) o
directly below FSW pin, with no alloy HookEZeAZ3 . -

remaining in the pin deformation zone

AZ31 to 1.5 mm HSLA Steel

| Hook2. ™
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Solidification Microstructures in Zn-Mg system

Atomic Percent Zinc
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Zn-Mg system is known to exhibit
competitive growth between two
eutectic systems, o-Zn-p-Zn,;Mg,
(at 3.05 wt% Mg and 364°C) and a-
Zn-y-Zn,Mg (at same Mg conc. &
lower temp.) Eutectic reaction
involving y does not occur under
eqlb. conditions. a—y eutectic is
spiral shaped, whereas o-J3
eutectic is lamellar. Further, primary
vy is hexagonal and primary B is
sube shaped. (Liu and Jones, Acta.
metall. mater-40, 1992, 229-239
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solidification
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3.4wt%Mg (Liu and Jones
Mater.,-40,-1992, 229-239.)
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Interface Microstructure : 1.5 mm Steel Sheet

Ii'

Loc. C

» During the welding process, the Zn coating
on the steel sheet was melted, allowing for
expulsion beneath the tool and alloying with
the Mg at the edges

SEM examination revealed solidification
microstructure of Mg-Zn alloy

Two types of eutectic microstructure are
noted inside the Zn-Mg alloy. Moreover,
particle shapes were also found to differ.
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