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1. Introduction

As the continuous study of Project No ASP-360: Tribie Chipping
Measurement, a further research of tool life (ie gnoject, AISI D2) in the sheet metal
forming is developed in the laboratory conditiomsler a better controllable environment
and testing conditions.

From the previous study of our research group wenkthat the grain orientation
has a major influence on chipping damage of thinentrim die for the same tool steel
under the comparable working process. However niacgrtain factors may exist in the
stamping production environment so that a laboyat®sting method needs to be
established in this project to simulate the diemning process as fatigue testing, that can
be precisely controlled for investigating the otation effect when other testing
conditions are the same, and more parameters casected.

The initial laboratory testing method can also seag a platform for evaluate
more tooling steels (such as Caldie, Carmo) andentool manufacturing processes

(heat-treatment, coating, etc.) for future resedmrelopment.



2. Literature Review

2.1 Tool Steel Review

Tools used in sheet metal forming industry arenfgdheir high challenge to
withstand a high applied stress, especially atctligng edges in trimming operation, and
sometimes at raised temperature; they usually reqdistinct hardness, toughness,
chipping and abrasive resistance, and also witigla ttemand for relatively prolonged
fatigue life for industry productions[1-3]. Thered) it is commonly mandatory that tool
steels be heat-treated with varieties of quenchkomditions, such as water- hardening,
oil- hardening, and air-hardening[4, 5].

To satisfy different applications of sheet formiagd manufacturing process
requirements for various properties of tool stégl§], the AISI (American Iron and Steel
Institute) and SAE (Society of Automotive Engingeariassify tool steel with as a grade
scale and maybe its combination with a given nunitiaeled on hardening methods and
alloys, as seen in Table 1.[7]

Table 1 AISI-SAE Tool steels grades

Essential property | AISI-SAE grade Significant charateristics
Water-hardening w
@] Oil-hardening
Cold-working A Air-hardening; medium alloy
D High carbon; high chromium

Shock resisting S



T Tungsten base
High speed

M Molybdenum base

H1-H19: chromium base
Hot-working H H20-H39: tungsten base
H40-H59: molybdenum base

Plastic mold P

L Low alloy

Special purpose
F Carbon tungsten

There are some common tool steels generally availatihe market and used in various
industries[8], shown as Table 2.

Table 2 Common tool steels specifications and apfptins

Tool Steel Grade Heat-treatment Quench Rockwell Applications
(F Hardness
W-1 1450-1600 Water 56¢ Knives

Scissors and

Shears, etc.

0-1 1450-1600 Oil 62c-64c Shear Blades
Trimming Dies

Drills, etc.

A-2 1700-1900 Air 59¢-62¢ Same as O1 and




W1, with deeper

hardenability

D-2 1600-1650 Air or Oil 60c-62c High wear
qualities, chosern

as long tool life.

Therefore, as tool and die material for high stitgels under car body stamping
process to simulate the life long on-line productidISI D2 is our primary choice

among tool steel grades.

2.2 About Fatigue Test and Fatigue Life
Fatigue life,N¢, defined by ASTM (American Society for Testing avidterials),
is the number of stress cycles of a specified atarahat a specimen sustains before
failure of a specified nature occurs[9]. Generaliyo types of figure have been
developed historically: high-cycle fatigue (HCF)dalow-cycle fatigue (LCF). A high
cycle fatigue test indicates to the fatigue lifethie range of 103-108 cycles, often tested
at 20-50Hz frequencies in a hydraulic test machuwaeile a low-cycle fatigue test is
under the fatigue life is less than 103 cycles@madngst 0.01-3 Hz frequencies. [10-12]
In HCF, the material performance is typically obt&ble by S-N curve, also
known as Wohler curve (Wohler, 1867)[13]. S refergshe amplitude of cyclic stress,

while N as cycles to failure in logarithmic scal&N curves are derived from testing on



material samples by regular sinusoidal stress &uate the number of cycles to failure,

and shown in Figure 1.

SN CURFE FOR BRITTIE ALUMIEUM WITH A UTS OF 320 MFPA
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Life feyeles)

Figure 1 S-N curve for brittle aluminum

In LCF, fatigue life is usually anticipated by GoffLl4]-Manson[15] (Coffin,
1954 and Manson, 1954) equation:
Ae, ,
- = er(2N)°
Where,
A% is the plastic strain amplitude;
€r is an empirical constant known as the fatigue ditictioefficient, the failure strain for

a single reversal;



2N is the number of reversals to failure (N cycles);
c is an empirical constant known as the fatigueititycexponent.

Nowadays, sheet metals’ (high strength steel, alumij etc.) strength properties
keep growing to fulfill industries’ requirementdpag with tool and die qualities as even
more advanced for fatigue life pertained to différenanufacturing process. Several
refining methods have been introduced by previoasks: intermetallic coating (such as
TiN) on tool steel surface or near cutting edge vaignificantly develop strength and
hardness for fatigue damage, since such improvercamsed by coating can reduce
residual tensile stress or add compressive ressioeds on the surface layer[16]; fine
finish heat-treatments as quenched and temperdd atao improve the fatigue factors,
and the designated heat-treating cycles could teagreferred hardness[17]; high-
performance powder metallurgical tools, as compdecedraditional rolled tool steels
under a fatigue loading, can offer tool componeamith a superior lifetime[18].Besides,
the usage of a high stiffness structure could bey @ppealing, as the plastic strain

generosities are noticeably decreased[19].

2.3 Microstructure Observation

Appeared as fatigue life and mechanical propeffiggtioning of tool steels,
insight of microstructure observation and analysidamage crack development and tool
steels grain structures themselves could reveaéravidences related to tool geometry

shapes, thermal effects, and varieties of manufactyprocess.



First, some common design mistakes could directywrdgrade fatigue
performance based on microscope inspection, suchacks of radius and hardness
evenness alongside the unqualified tool, and irgp@Ate usage and a complete
deficiency of strength dismissing led to prematuaeture[20]. Then, heat-treatments for
tool steels (cold work[21, 22] and hot work[23, R4¢ould considerably alter
microstructure information like compositions (auste, etc.) transferred, primary or
secondary carbides refined. Finally, grain evidensech as grain size and grain
orientation, misrepresent because of certain madhiprocedures also affect to fatigue

behavior of tool steel, and it would be revealethis paper.



3. Testing Design and Experiment Conditions

3.1 Testing Design Concept and Marching Work
For simulating the in-line trimming process to congbthe trimming testing and

also the chipping testing, a trimming simulator gt is designed as Figure 2[25].

Figure 2 Trimming simulator concept design

In this simulator, we choose tungsten carbide astintact rod, and machine the
tooling steel as two cubes. A high-cycle sinusoidale loading applies to contact rod
and transfers to the cutting edges of the steedgulhe fatigue damage will happened at
the cutting edges. To verify the tungsten carbioi@ is sufficiently stronger than the
tooling steel, the Knoop micro-hardness test igatee at the contact surface (can not be
on the curved surface and edge) for both mateaiadsthe results are given in Figure 3

Hardness comparisons between AISI D2 and tungstdmde under 1kgf



v

Figure 3Hardness comparisons between AISI D2 wngsten carbidender 1kg

To adjust the simulator for the Intron se-hydraulic fatigue testing 88(
machine working condition and dimensions, an as$eegineering drawing is plotte

as shown in Figure 4.

Figure 4Assembly Drawing of Trimming Simulat
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After the machining work, the trimming simulator fabricated. The testir

system setup and the simulator are sn in

3
Ll

Figure 5 A) Intron 8801 machine (B) The trimminimulator
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3.2Tooling Steel Material Properties Oveview

In this research the tooling steel we used forttmeming die chipping is AIS
D2, which is widely used as tools for forming, dnagvand dies for varieties of moldit
due to its high wear resistance, high compresgsremgth and low distortio

The optical microstructure observation shows thengi@ientation and siz
information in Figure 5Clearly, we can see the grain orientatin three dimension
(rolling direction RD transverse directic TD, and thickness direction THs consister
with the rolling orientation showrin Figure 7(A).Considering the three plancormal
directions and three shear directiohere are total six orientations for the cutting ex

(XY, XZ,YX, YZ, ZX, and ZY) in Figure 7(B).

Figure 6Microstructure of AISI D. after heat-treatment
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A. Grain orientation is denoted in consistent with process orientation
Carbide grain z Y

Orientation: Carbide // Plate

X
» Rolling Dir. // X (Longitude)
S » Transverse Dir. // Y (Width)
F i lat
TIEMRER  gun » Thickness Dir. Il Z (Thickness)

=== RD 7

=

B. The sheared cutting edge is denoted in consistent with shear
stress notation:

* 1%t |etter = the shear-plane norm
Cutting Edge - 27 |etter = the shear direction

“X27 (xz=2X) This is in consistent with shear stress notation:
: “— x e.g. T,,, where
4 L__, 1 is the shear plane,
,"““ ™ 2 the shear direction
- There are total six cutting edge orientations:
—— XY; XZ; YX; YZ; ZX; ZY

Figure7 Cutting edge orientation notations

3.3 Testing Conditions and Procedure
3.1.1 Material Description
AISI D2 tooling steel machined a«inch cube. Totally it has 12 cutting edc

with 6 orientations since two edges are ident

3.1.2 Testing System

Instron 8801 serviyydraulic system witf+100 kN load capacity an+3” full
stroke travel distance. Imen digital controlle 880Q capable of three control mod
load control, displacement control and strain aantnd under various load functio

including buildin constant speed a constant strain rate functions.
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Computer data acquisition system sisting of computer with A/D card ai
software, power supply, and signal conditionergpaplify mV dc signal to Volt dc, fo
thermocouples and extensometer). Instron has d-in signal conditioner that outpt

the load and stroke singles with a linconversion of fullscale load and stroke valu
into £10 dc Volts. The analogue to digital data acqguisitcard has a u-specified

sampling rate up to 100 kHz (for all specified amals used

3.1.3 Testing Conditions and Proced!
Applying differentsine wave loading amplitudes under different fremues or
six orientations (XZ, ZXXY, YX, ZY, YZ). For example, Figure 8hows one certai

testing circumstanceqhd=80kN and frequency=10H

gl
70
B0
50
40
30
20
10

Load (KN}

1 e 3 4 3

Mumber of Cycles e

Figure 8 Teting conditions undeoad=80kN andrequency=10H

Also, during the testing, it isnterrupted at various numbers of cycle.g. 5k,

10k, 50k, 100k and 500k), for nrsuring damage and its evolution.
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3.4Damage Observation and Measureme Methods

Using steremicroscope (typically, -50 times magnification)sobserves damac
areas of D2 diesThere are two types of damage happen in the fatgugoression tes
Contact deformation andhipping damage. In most case, contact deformasiovery

common and rare for chipping dam in Figure 9.

. Chipping

-y | / damage i R
I. ] 4 = .
Contact

Defarmatio
n

Figure 9D2 damage observatic for chipping damage and contaetfarmatior

Then, the damage measurement method iGather all the partial images for
edge into one picture using Photosl 2) Use mouse to trace the edge of damaged re
with Photoshop's Edge Tracing Functi3) Fill-in the traced damaged area and save
binary image containing the missing area 04) Input the binary image into Matlab
read the coordinate of pixels for the missing matal calculate the damage missing
area. 5)Converting the pixel diension to real physical dimension, based on thegtle
scaling factor as known edge length (25.41 and the number of pixel§or instance,

XY damage measurement under 80kN/50Hz:500k Cycles shows iRigure10.
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Photography — Merging (Phatoshap )

* Highlighting - Measurement (MatLab)

FigurelC Image measurement method illustration
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4. Results and Analysis

4.1 Testing Results Summary and Analys

As one case to demonstrate damage measurernd testing data proces
damage evolution for XY orientation under 1.57kN/ranmd 10Hz demonstratesFigure
11 and damage comparison among YX and XY and XZ utdg&kN/mm and 10Hz fo

500k cycles presents Fgurel2.

5k Cycles

10k Cycles

50k Cycles

100k Cycles

500k Cycles

Figure 11Visual damage developmenfsr 1.57kN/mm and 10F
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YX

e ——

XY

e

Xz

—

Figure 12 Cmparison of rientations under 1.57kN/mm and 10féz 500k cycles

For enhance and consistent data process, inputaddtautput data are convertec
average value based on cutting edge ler
1) 80kN Force / edgkength=80kN/(25.4mm(one cutting edge) x 2)=1.57kM,
2) 50kN Force / edge length=50kN/(25.4mm(one cuttitiged x 2)=0.98kN/mn
3) Damage Area/edge length=(total damage area (twek®jp mn?/(25.4mmx2)=
(damage values in chart) r’/mm
Power fitting all the dat under 1.5kN/mm and10Hz testing conditions iFigure 13

to constrain testing data fluctuation and measun¢@eor
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Figure 13Power fitting curves for all damageataunder 1.57kN/mm and 10 |

As resultof power fitting equatiol
y(x) = aX'+c
Parameters am@=0.35,c=-0.10, n=0.069.
With n=0.069 applied to individual orientations powerdiifrves inFigure 14,
y(x) = a¥%%%c
Whenx=1 at first cycle, put individusaa andc values in each of six orientatiory value
is the first cycle damage.
Also asn=0.069, take derivatioy overx, the cyclic data rate,
dy/dx = a69/1000%°**

is the damage per cyakdth ranking Therefore, we have fitting parameter<Table 3.



0.95

09

0.85

075

07

0.65

06

Damage Area Per Edge Length (mmzimm)

05

0.45

19

Damage Development under 1.57kN/mm and 10Hz

..| € =-0.30902

Wix) =ax*0.069 +C
a=0.46359

R=0.08268 (lin)

-] yix) =a xA0.069 +c

08—

2=0.34016
©=-0.10443
R=0.96798 (lin}

-{ a=0.29317

yix)=ax*0.069+c

c=-0.035489
R =10.92439 (lin)

V(%) = a%"0.060 + ¢
a=0.2580

¢ = 0.020152
R=0.97333 (lin)

-| wix) = a x40.069 +c

|| R=0.95354 {lin)

a=0.41588
c=-0.1424

-[ a=0.32961

¥ix)=ax*0.069+c

c = -0.050099
R=0.97876 (lin)

T

I

XY

XZ

X

¥z

X

: Y

| ——fit (X}

it (XD

| =it (¥X)

T (YD)
it @%)

: fit ()

Numbers of Cycles

10°

Figure 14Power fitting curves of damagevelopment under 1.57kN/mm and 1C

Table 3 Analysiseasults  power fitting got under 1.57kN/mm and 10 |

Orientations XY XZ YX YZ ZX zY
a Value 0464 | 0.34| 0.293 0.259 0.4160.33
c Value -0.309| -0.104| -0.03% 0.02 -0.142-0.05
First Cycle Damage 0.155 | 0.236| 0.258 0.279 0.2740.280
(mn/mm)
Cyclic Damage Rate 0.320 | 0.235| 0.202 0.179 0.2870.228
(mml/cycle)
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As ranking firstcycle damage rate and cyclic damage rate at sdlecteber o

cycles the results are shownFigure 15,

ZX

YX YZ
Orientations

Figure 15Rankings of damage delopment parametersnder 1.57kN/mm and 10 |

In addition, final damage arezat 5,000 and 50,000 cyclesnking unde

0.98kN/mm and 10 Hz testing condition are showFigure 16.
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e
I

vy vz

Orientationsi
Figure 16Final damagerea under 0.98kN/mm and 10Hz

Therefore, AISI D2 tool steel as cutting edge, daenage area amount evaluat
ranking is: XY and XZ > ZX nd ZY > YX and YZ. Applyingthe result to AISI D2 toc
steel rolling process, the best quality edge fopming resistance is transverse directi
the middle one is thickness direction, and the tvedgye is longitudinal directi, which

should be avoidluring rolled tool steel machining process on ogtedge
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4.2 Microscope Examination for Cracking Damage

Microstructure Examination fcZY under 50kN/50Hzalong different sections «

the whole cutting edge, the crack developments shigure 17.

Figure 17Microstructure xamination for ZYunder 50kN/50H

The chipping appearance ZX with ZY and their comparison are shc in
Figure 18, andnore damagmorphologies from SEM micrographs afeown in Figure
19. From the pictures,h@ thickness and length are in consistent with thebide

dimensions, ¥ggesting that chipping is developed along theide-matrix interface
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Therefore, thewo sets of data of six orientations show obviond aignificant
orientation effect, and the ranking of damage sgvdor different orientations i
obtained, andhe results ai verified by more datander current testing condition t
major damage form is edge deformation, which, fer ltrittle material, involves interi
micro-damage. Microstructure examination of interior dgenas under wa chip
dimension is consistent to the carbide dimensidmp Ghickness is similar foZY and
ZX, and chip segment length is long ZY and short for ZX which are the carbic
dimensionsin cutting edge, suggesting chipping is associatgd the carbide pe-off

from the matrix, shown ifigurel18.

\ L 1¢

i/l 4. TOP VIEW

L‘!, {

A g
T P

LSRR |
7 ' .
™ '

Figure 18Chip appearances: ZY vs. ZX under 50kN and 10Hz
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Figure 19and Figure 2 show, in ZYorientation, large chipping damage happt
and damage surface has the “layer by layer” chgppinenomenon, which is consist
with grain boundaries.And Figure 20 shows cracking developmentZ¥ along the
carbide boundary between two gra The development has the trend to affect o

segments that will start to fractL

Figure 19 OrientatioZY damage surface observatiander 50kN and 10t



25

Cracking Dev_'el-uping Direction

MNon-separation Separation

Figure 200rientationZY cracking development0kN and 10H



26

5. Conclusion

Based on the testing results analysis and crackostracture observation, two
major factors determine the chipping damage of A)gItool steel cutting edge are: 1)
intergranular fracture — the crack develops aloith grain boundary, so called “layer by
layer”; 2) transgranular fracture: the crack sgimtind penetrates inside primary carbide
and is controlled by the carbide strength.

The dominant damage of ZX and ZY orientations reer one. Grain Z direction
has the thinnest dimension among all, and the madiresive force of this direction is not
sturdy enough to hold each “layers” when it's agppimg edge resistance. Therefore,
after long term of fatigue chipping process, sed@mage happens alongside the grain
boundary.

XY and XZ's damage progress origin is the seconel @rain X direction has the
longest shape compared with Y and Z's. While X lasas plane normal direction, the
long axis of grain is less stable than the shad,axhich is Y orientation. However, since
the strength of primary carbide in microstructumgfial damage of X direction is
relatively low. The fractures will happen insidetiuithe loading intensity reach the given
level and phase, and then severely cumulate du¢hdounsteady formation and
unpredictable bearings.

Direction Y at YX and YZ has a moderate damagegesiih avoids both of two
leading damage development causes. As damage faabdrintergranular fracture, it
relies less on grain boundary adhesive influenceracking in Z direction; while by way

of factor 2 of transgranular fracture, Y directi@hat has short axis of primary carbide) is
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less sensitive to the crack propagation withinghmary carbide, as compared with that
in X direction (that has long axis of the primagrlaide). Therefore, in tool trails and die
crafting procedures for stamping or other relateghufiacturing process, tool steels,
exclusively, as rolled and machined products, shagply the load in the transverse
direction (Y direction in this paper) to the planermal at cutting edge. This approach

can extend tool and die fatigue life to higher mng
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6. Discussion and Future Work

In this paper, we categorize six orientations (X¥, YX, YZ, ZX, ZY) to three
inclusive groups based on plane strain normal times (XY and XZ; YX and YZ; ZX
and ZY), which the major differentiation for todksl as trim cutting edge. Also, as the
second letter represents the shear direction, nsy lsave impact matter to damage
ranking under the same normal direction, for exanible alteration between XY and XZ
cutting edges could be study for microstructure mecsm and SEM cracking growth.

Since this paper is in early-stage developmenestirtg design and experimental
conditions, not sizeable data cannot be strearnsifiected and processed during fatigue
testing and damage image analysis. Thereforengesasults may include inevitable
machine and human errors throughout the resulegajathering and measurement. More
convenient image acquisition and automatic anabsdcalculation using image process
software could be introduced to generate considegdia and eliminate certain errors.

In the introduction chapter, it mentioned this papeild the tooling testing
platform as die set, and operate this set to exame ool steels qualities or other tool
materials applied in the automotive industry, egdlcfor auto body stamping process.
As the second stage of research and testing dewielatfor this project, a up-to-date tool
steel, Caldie cold rolled tool manufactured by Uamlens with higher chipping resistance

than AISI D2, is undergoing experiment for fututedy.
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APPENDIX

Engineering Drawing of Trim Die Fatigue Tester

Instron Load Instron Load
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[T T]

[l

Pt Name Qt Material Note
1 | Cover 1 | AISI 4140, 6"x6"x 1.25", mild steel acceptable
27-32RC
2 | Punch 1 | AISI 4140, 1" cube (Tol. +0/-0.0002") with
Cube 27-32 RC central groove and cone hole
3 | Contact 1 | WC, dia.1/8", | www.mcmaster.com
Pin 1/4", 1/2" Pt#8788A128,162, 251
4 | Setscrew 4 | 3/4"-16xL2.5" | www.mcmaster.com
& nut + locking nut | Pt # 92620A875 & 93827A267
5 | Base 1 | AISI 4140, 6"x6"x1.75", mild steel acceptabl¢
27-32 RC
6 | Side block 2 | Mild steel LXWxXT=2"x1"x1" with 1"x1"x1/4"
groove on top
7 | Central Metal foils
shim
8 | Side 1 | (3/4" dia, 0.5" | www.omega.com Pt#. LCM302-
Loadcell tall) 5KN
9 | Bolt & nut 4 | 34" www.mcmaster.com Pt #
20xL3.75" 91257A757 & 93827A249
10 | Backing 2 | Mild steel LXWxT=1"x1"x0.5"
block
11 | Instronram | 2 | Mild steel, One with thread, one without
subassym M30x1.5mm, | thread to match McMaster Pt
98148A182
12 | Loadcell 1 | Mild steel, Match Instron existing loadcell
adapter M30x1.5mm
13 | Trim die 3 | TBD For each die material to have

Cube

three Cube
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ABSTRACT

FATIGUE BEHAVIOR AND MICROSTRUCTURE EXAMINATION
OF
AISI D2 TRIM DIES

by
XINCHEN WANG
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Advisor: Dr. Xin Wul|
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AISI D2 steels are widely used as tools for formidgawing and trimming dies
due to its high wear resistance, high compressirength and low distortion, and its
performance as a trim die material for cutting astiigh strength steels (at 1GPa or
above) is investigated in this study.

To simulate the production trimming process undelalaoratory accelerated
fatigue condition, a trim die simulator and testteghnique have been developed. In this
test 1" cubic die samples were used that offeral tb2 cutting edges of 6 different
material grain orientations in shearing, and witjustable die clearance. A non-contact
metal removal volume measurement was developeduadmtify the degree of fatigue
damage during cyclic loading, and the metallurgreglica method was used at different
number of cycles from the interrupted testing fotaining micro-damage information.
The damage rate at the cutting edge was obtaineal fagction of trimming process

variables, including the die material grain ori¢iatas, the loading frequency, and the
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amplitude of fatigue loading. The microstructuracnm-damage and fractured surfaces
were examined with optical microscopy and scaneiegtron microscopy.

The results show that there exist two types ofirtistdamage processes: the
continuous contact deformation process that ocatra low fatigue load, and the
discontinuous cutting edge chipping process atga Fatigue loading with significantly
higher material removal rate. The chipping invohaack initiation and propagation
within the carbide phase surrounding the pro-eigtggtins, leading to grain broken and
fall apart. An empirical trim die damage rate monteParis law form is obtained from
experimental data regression, and can be usedofdr life prediction. The grain
orientation relative to the cutting direction isufm to have remarkable effect on

trimming damage rate.
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