creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804:21028-200000105233

Thesis for the Degree of
Doctor of Philosophy

A Study on Improving Tool Life of
Automotive Axle using Direct Metal

Deposition Technology

Supervisor Prof. Jong Rae Cho

August 2018
Department of Mechanical Engineering

Korea Maritime and Ocean University

Shi Hai Chuan



1 =S HaiChuan Shi©] 38Rk}

SRoh=Ro g o]

1 & F 5 (2)
g4 z2FA Q)
g AE A Q)
9 3 AE (9)
g9 WA (D)

2018 06€ 29¢

Collection @ kmou



Contents

Abstract ............................................................................................................... v
Llst Of Tables ..................................................................................................... vii
Llst of Figures ................................................................................................... viii

1. Introduction

1‘ 1 therature review ...................................................................................... 1
1.2 TheSIS Ob]ectlves ...................................................................... 3
1 . 3 Novelty ........................................................................ 4

2. Theoretical basis for relieving thermal stress in hot forging dies

2.1 Hot forging die life and SLrESS sesessersssssrssesesscssensensensenssnssnsssasessensensense 5
2.1.1 Failure modes of hot forging die ssssssssseesssesssusssrssesssssusssssenass 5
2.1.2 Relationship between life and stress of hot forging die <= 7

2.2 Temperature distribution and heat transfer characteristics of hot

IE  veeneressnssncssncnesnse OadioEe ey e mea s T ST e e oaaesmcnonsanenssasnesssasnasass 10
2.9 1 HEAL LrANSLEL +eereereessessesresssrsaesneaseessessaassessessasssessessasssssnsassasassasssaasaens 10
2.2.2 Heat conduction by frictional heat generation «ssssssssssessesescssese 14

2.2.3 Temperature difference between mold surface layer and near
Surface layer .................................................................................... 18

2.3 Theoretical expression of peak thermal stress in hot forging die

.................................................................................................................... 19

3. Prediction of wear region of axle die by finite element method
31 Axle forglng ........................................................................................... 25
32 Three_dlmenSIOnal model ...................................................................... 27

Collection @ kmou



33 Propertles of SKD61 and Stelhte 21 ............................................. 29

3.4 Initial SIMulation PATAMELELS swsswssesserseussnssraseasensenssnssensensensensssaseasense 31
3.5 Archard wear OAE] «-eeesseseeseessseseessesssessessensaessensaessanssesasassessasansnans 33
3.0 SIMUlAtiON TESUILS seeeeeeccseereccceecncertennccceanncereanncesaannnccsasnnccssaannccssaanane 34
3.6.1 Simulation results of conventional dig «ssssssesssessncenescensensaceeee 34
3.0.2 Simulation results of designed die .......................................... 41

3.6.3 Principal stress distribution on the conventional die and
deSIgned dle ...................................................... 46

4. Design of thermal stress control layers between hardened layer and

substrate

4.1 Direct metal deposition teChNOlOgy —«ssseserssrssesessessensenssnssessessenses 49

4.2 Design of thermal Stress CONrOl 1ayers sesssssssssssmssssusssussssssans 51

4.3 Numerical analysis of axle fOrging pProCcess sessssssssessssessssssssseseens 53

4.4 Simulation results and diSCUSSION  swssseenssssssnsacccnsncesensscensnscsnancncens o7
4.4.1 Die temperatures during steady-state ssssseseessessseneenssessesnccnnae o7
4.4.2 Die state under steady state CONAitiONS — eeseseeseessnssnesncsnene o8

4.4.2.1 Stress distribution on the deposited layer at forging stage

................................................................................................... 58
4.4.2.2 Deviation of die strain at the interface —eeesssseesssscesene 65
4.4.3 Residual stresses on the die after cooling stage resssssssseeees 67

5. Microstructure and hardness of Stellite21 deposited on the hot

forging die

5.1 Cobalt alloy ............................................................ 73
5.2 Specimen fabrication and microstructure analysis method -+ 75
521 Specimen fabricatjon .................................................................. 75
5.2.2 Microstructure analysis method ceceeeseecceecceecceeccenceenccenceanccnes 70

_iV_

Collection @ kmou



53 Test results and dlSCUSSlOI’l .............................................................. 77

5.3.1 Comparison of eXpPerimental TESUILS swwssesserssessersenssrasensenssuasense 77
5.3.2 Fatigue crack analysis «ssssssesesssrssessenssrssensenssnssensenssnssensansanssense 82
5.3.3 Evolution of hardness of Stellite2]l before and after service
........................................................................................... 87
5.3.4 Evolution of microstructure of Stellite2l after service - 88
6. CONCIUSIONS s+sssrsesssssssssssrsnssacsassasssssssassasssssssssssssnssassssssssessssassssssssssnsssssnsssssss 94
OULIOOK  ++++sesvesessssesasssssssassssessssessssssassesessssassesessesssssssssssssssssssssssssssssssessssesasns 96
ACKNOWIEAGEIMENLS +rssersserssersserssenssenssensseussenssenssenssessenssenssenssssssanssenssenssensses 97
Referencas s« ssesssssessmssscesssasieBucctettllldlflosecccccisessensinsnnscssncsnssscssassnssans 08

Collection @ kmou



A study on improving tool life of automotive axle using
direct metal deposition technology

Shi Hai Chuan

Department of Mechanical Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The working condition of hot forging die is very terrible, such as high
temperature, high load, repeated thermal and loads. The life of hot forging
die is generally lower than cold forging die, the cost of the workpieces and
the economic efficiency of the manufactory are affected directly. Expecially
for developing counties, average life of hot forging die is far lower than
developed countries. It is essential to enhance the service life of hot
forging die and to reduce cost of the pieces for hot forging industry.

The hot forging die simultaneously withstands the repetitive thermal load
and the mechanical load, which can cause thermal stress and mechanical
stress respectively. The thermal load is the main reason to cause damage
of hot forging die. It is of great social and economic significance to study
the surface hardening of tools and reduce the thermal stress precess.

_Vi_
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This dissertation focuses on the early failure of the hot forging die for
automotive axles, mainly by increasing the high-temperature strength of die
to prevent thermal softening of tool surface. The surface hardening
technology used in this study is direct metal deposition technology to
deposit a high-performance metal on the surface of the traditional die that
is easy for wear. However, thermal cracks are frequently generated on
the deposited areas due to thermal stress from different material
properties. A thermal stress control layer (TSCL) is designed to reduce
thermal stress and increase fatigue life as a buffer in the vicinity of the
joining region between the hardfacing layer and the base metal. TSCL and
hardfacing layer are deposited through layer-by-layer way on the substrate
using direct metal deposition technology. The TSCL to be produced by
mixing of Stellite21 and SKD61 is designed with thicknesses of 0 mm, 1
mm, 1.5 mm, and 2 mm separately. The effect of thermal stress in the
transition regions is investigated after adding TSCL. The optimal design of
TSCL is selected by the change of thickness and composition proportion.

Stellite2]l superalloy deposited on the hot forging die must undergo
effects of repetitive thermal stress and mechanical stress during forging
process. The hardening mechanism of Stellite21 is studied by microhardness
tester. The etched Stellite2l samples are observed under the optical
microscope. The microstructure analyses of Stellite21 are carried out on a
TESCAN MIRA3 scanning electron microscope (SEM) with energy dispersive
X-ray (EDX) spectrum. The phases present in the specimens are examined
with an X-ray technique, using Cu K_radiation. So that the evolution
microstructure and properties of Stellite2l are explained through before and
after forging.

KEY WORDS: Hot forging die; Direct metal deposition technology; Thermal
stress control layer; Stellite21 superalloy; Tool life.
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Chapter 1 Introduction

1.1 Literature review

Forging technology in manufacturing field has a very important position
because it helps to produce outstanding parts for mechanical properties with

less waste of material.

In forging process, steel billet has a relatively simple geometry; this steel
billet is plastically deformed into a product of relatively complex configuration
after one or more operations. The service life of dies is very important due
to cost reduction and finishing quality of productions. Especially for hot
forging process, the extreme operation conditions of the hot working process
often leads to premature failure of dies. In general, there are four types of
failures for hot forging tools, such as thermal crack, mechanical fatigue,
plastic deformation, and wear. Among these, wear is the dominant failure

cause in hot forging dies™?

. Because the service life of dies are directly
affects the cost of forgings and the economic benefit of production units. In
the developed countries, tooling costs account for about 15% of the cost of
forgings, while in the developing countries the costs account for more than
30%". It is essential to enhance the service life of hot forging die and to

reduce cost of the pieces for hot forging industry.

L. Cser et al. reported that wear was the dominating failure mechanism for
forging dies, being accounted for approximately 70% of failures’?. Several
research papers describes that the wear of hot working tools is induced by
thermal softening, as well as local bonding between the die and the

1246 To avoid surface damage in sliding process, shear stress must

workpiece
be restricted at the interface among the mating materials. The most

commonly used solution is to add a lubricant to the forging system. This

_’I_
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method can reduce the shear stress, since it has the lowest shear resistance
in forging process. As a consequence, the shear stress to affect the materials

Is significantly reduced, the friction is reduced and surface damage is avoided.

However, for some reasons, such as high temperature and complex shapes,
lubrication may be partially failed, or it may not even be allowed for the
forging system. The thermal softening of die surface can be prevent by
increasing the high temperature strength of the hot forging die. The local
deposition technology using laser is adopted to apply high strength materials.
This deposition technology is very flexible and efficient for producing desired
structures on hot forging dies, and it allows for mixing different powders
while injecting them into the deposition region with the desired mixing ratio to

create a special function region”?.

The local deposition technology can
effectively improve the die life and reduce the manufacturing costs; however,
thermal stress problems between the deposited layer and the base metal
appear simultaneously. Some researchers have reported that thermal cracks
are created in the vicinity of the intersection line between the deposited layer

and the substrate!®,

In order to control thermal crack formation, advanced deposited technologies
with multiple layers have been applied. Sorn Ocylok et al. had proposed using
a functionally graded multi-layer approach as a buffer in the interface region
12l Park et al. attempted to relieve the thermal stress by creating a thermal
stress control layer (TSCL)*®. The composition of TSCL is generally consist of
the deposited material and the substrate. The optimal mixing ratio and
thickness of TSCL is estimated via numerical analyses and experiments. Ahn
et al. adopted a multi-type transition layer between the deposited region and
the substrate to reduce mechanical and thermal issues, the results shown that
a ftransition layer could dramatically improve the wear resistance of hot

forging dies!'”.
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In addition, the appearance of the finite element method not only promoted
the rapid development of engineering technology in the field of mechanics,
but also solved major technical problems in many other fields®. In particular,
the combination of finite element method and computer forms the basis of
modern digital manufacturing. This also makes it to be possible to use the
finite element software to simulate and analyze the failure causes of hot
forging dies. The DEFORM software are useful for simulating the flow of 3D
materials, also it is robust and easy to use. DEFORM powerful simulation
engine can analyze the large deformation thermal properties of multiple
associated objects in the metal forming process. The system integrates any
necessary automatic triggering of the automatic grid repartition generator to
generate an optimized grid system. In the areas with higher precision
requirements, the fine grids can be divided to reduce the scale of operations
and significantly increase computational efficiency. In this study, 2D-DEFORM
software is used to analyze the wear and thermal stress of the hot forging

die of automobile axle.

1.2 Thesis objectives

In this thesis, the service life of the axle hot forging die is researched, the
wear region of the die is predicted using the finite element method. Serious
wear region is determined by the surface pressure, surface temperature and
the slipping velocity. A finite element model with a hardened layer is
designed, Stellite21 superalloy is selected as the hardened layer material, since
it can keep a well hardness at high temperature. SKD61 as a common tool
steel is used to the substrate material of hot forging die. Due to the physical
property difference between the Stellite2l and SKD61, large thermal stresses
between the Stellite2l and SKD61 will be generated during hot forging

process, it will be known clearly from finite element simulation results.
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Thermal stress control layer (TSCL) is researched. It is designed the various
TSCL to reduce the thermal stress between the Stellite2l and SKD61, TSCL
with different thickness and composition proportion plays a different role in
reducing thermal stress. The optimal thickness and ratio of TSCL is obtained
from the simulation results. Finally, the hardened layer material after forging
process is studied. After the repeated mechanical stress and thermal stress,
the change of the microstructure and properties of the Stellite21 after forging

are investigated.

1.3 Novelty
There are some novelty places in this thesis, as follows:

1. Direct metal deposition technology is used to fabricate the hardface layer
and thermal stress control layer, this proposed technology can minimize
inter-layers in the transition layer due to dilution layers in the vicinity of

jointed regions.

2. The finite element simulation method is adopted for predicting the surface
worn of the automobile axle die and designing thermal stress control layer

between the hardened layer and the substrate.

3. Microstructure and properties of Stellite2]l are researched by hardness
tester, SEM, EDS and XRD devices.
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Chapter 2 Theoretical basis for relieving thermal stress in

hot forging dies

2.1 Hot forging die life and stress

The life of hot forging die is directly related to its load and stress state. To
increase the service life of hot forging dies, it is necessary to understand the
major failure modes and failure mechanisms of hot forging dies, and the

specific relationship between the life of hot forging dies and thermal stress.
2.1.1 Failure modes of hot forging die

1. Mechanical wear

In the hot die forging process, the plastic deformation of the high
temperature billet has violent metal flow related to the die surface. Due to
the flow of billet on the die during forging process, the die surface can be
ground, resulting in bluntness of the flange on the die and expansion of the
die. In addition, the combined stress of shear stress and compressive stress
during the metal flow process can shear the surface of the mold into small

grooves, resulting in mechanical wear.

When the surface of the mold is oxidized, the mechanical wear of the mold
is accelerated, especially when the temperature of a portion of the mold ridge
is too high, the surface may be softened due to high temperature. In this
case, in addition to the increased wear, the softened parts will also be

“washed” out of the larger grooves by the high-speed flow.

Wear will not only aggravate the surface quality of the die, but will also

change size of the die. According to domestic and abroad, mechanical wear is
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used in all scrap hammer forging dies and press dies. The amount of about

70%, of which the highest proportion of blunt'.

2. Fatigue crack

Due to the various structure of forging dies, the stress state of each point
on the forging die is also various. Under the action of cyclic mechanical
loading, when the stress in some forging dies exceeds its fatigue limit, fatigue
cracks will occur in the forging dies. To a certain degree of fatigue cracks,
under the action of peak stress, the forging die is fatigued. Fatigue cracking
is another major form of forging die damage, accounting for about 25% of

the scrapped die'.

Fatigue cracks are likely to occur at the corners of the mold subjected to
large bending moments (the direction of its extension and impact is 45° ) and
partial cracks will appear on the sidewalls of the circular section molds and at
the bottom of the molds.

3. Thermal fatigue crack

The surface of the mold is periodically heated and cooled for the forging
production process, and the internal heat 1is subjected to tensile and
compressive heat alternating stress, so that an interstitial crack (crystal crack)
and local deformation are generated in the microstructure of die. These tiny
cracks, namely thermal cracking, most of which occur in the mold where the

flow of deformed metal is slow.

4. Plastic deformation

A part of a mold where deformed metal flows at high speed can be
softened due to the severe frictional heat effect or the die (such as convex

platform) is softened by the hot metal. It causes plastic deformation under the

_6_
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action of high temperature and pressure. In addition, during the forging
process, the mold wall will also be plastically deformed if the strength of the

mold steel is insufficient for thermal soften.
5. Brittle failure

When the forging die is overloaded, equipment failure, violation of the
process specification and internal defects of the mold material will cause
brittle failure, brittle failure is an “accident”, and should be avoided as much
as possible. Studies have shown that mechanical wear and fatigue cracks

account for most of the failure of hot forging dies!™>'61",

2.1.2 Relationship between life and stress of hot forging die

In the hot forging process, the mold is subjected to alternating thermal
load in addition to the mechanical load. During the loading, the surface
temperature of the die cavity increases dramatically, and then decreases
rapidly after unloading. The transient temperature peak phase is very short.
Thermal loads only affect the surface layer of the die cavity that is
extremely thin. With the rapid change of the surface temperature of the
cavity, each point of die cavity affected by temperature will produce a
corresponding deformation, and the corresponding point of die cavity will
generate tensile and compressive stress due to the constraint of the
surrounding point. When the stress value exceeds the allowable fatigue limit
of the mold material, thermal fatigue cracks will occur. When the transient
temperature of the mold exceeds the phase transition temperature of the
mold material, the surface metal phase changes, which not only reduces the
mechanical properties of the mold material, but also accelerates the wear of
the mold material. It can be seen that periodic thermal shock loads and

stresses have a direct impact on the life of the mold.
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The fatigue failure of the part starts from the maximum local strain, so the
starting point of the local stress-strain analysis method is used to predict the
life of the die. A certain plastic deformation is required before the small
crack initiation, and the local plastic deformation occurs. It is a prerequisite
for initiation and expansion of small fatigue cracks. Therefore, it is the
maximum local stress and strain that determines the fatigue strength and life
of components. As long as the maximum local stress and strain are the same,
the fatigue life is the same. The fatigue damage of hot forging die belongs to
low cycle thermal fatigue, and the basis of local stress-strain analysis is low
cycle fatigue. The fatigue life in low cycle fatigue refers to the crack
formation life. The expression of the fatigue life curve used in the local

U8 The low cycle

stress-strain analysis method is the Manson-Coffin equation
fatigue life prediction method was independently proposed by Coffin and
Manson on the basis of experiments, this method can be well matched with

the test results™?,

The thermal load and mechanical load of the hot forging die are

asymmetrical. According to the fatigue strength theory, the working safety
factor of the component under asymmetrical cycle n, .

S o

WUA + 1,0y

where o¢., oa, oy are the fatigue limits of the component materials, the
average stress of the asymmetrical component, and the stress amplitude; K, ,
¢, B are the effective stress concentration factor of the component, the
size factor, and the surface quality factor; ¢ , is the sensitive factor of

component material.
From the above equation, we can take the following remedies:
(1) Select a higher fatigue limit of hot die material;

_8_
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(2) Reduce the stress amplitude of the mold during hot forging;
(3) Reduce the average stress of the mold during hot forging.

When the used temperature of the hot forging die varies between 200~

700C, the sensitivity factor ¢, of the hot forging die material generally

K, . (201
0 is generally between 2~3*". The

average stress oy of forging dies relative to the stress amplitude o, of the

varies between 0~0.25, and the value of

forging dies has little effect on the working safety factors of the forging dies.
Especially when the cavity surface temperature is the highest at the end of
the forging, the average stress of the forging dies can be ignored. Only the
impact of stress amplitude of the forging die is considered for the safety
factors. It can be seen that the stress amplitude of the mold during hot

forging must be reduced to increase the life of the mold.

The stress of the hot forging die during work is the synthesis of thermal
stress and mechanical stress. Through the open die forging process and the
overall optimized design of the die flash size to reduce the mechanical load
and mechanical stress, it can play a role in improving the life of the die.
However even if a very comprehensive measure is taken to reduce the
machine load, the effect of increasing the life of the forging die is also very
limited. This is because the mechanical stress only occupies a small part of
the overall stress of the mold, and thermal stress is the main body of the
comprehensive stress of the mold. Therefore, to improve the life of the mold,
the most important thing is how to relieve the thermal stress amplitude of the

hot forging die.
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2.2 Temperature distribution and heat transfer characteristics of die

The heat load of the forging die comes from the heat conduction when the
die cavity surface is in contact with the billet and the frictional heat effect
produced when the billet slips along the surface of the die cavity. The
temperature value of cavity surface is related to the heating temperature of
the billet, the preheating temperature of the mold, the cooling and lubrication
conditions, and also relates to the contact stress, the contact time, and the
deformation speed of the billet in the cavity. For a single forging, the thermal
load acts on the surface of the die cavity in a pulsed manner, while in the
continuous forging, it periodically acts on the surface of the die cavity in a

pulsed manner.

According to the test results, the heat load on the forging die mainly
affects the loaded state and service life of the die surface and the near
surface layer. Therefore, this article pays attention to the temperature
distribution and heat transfer characteristics of the die surface and the near
surface layer. Because the thickness of the near surface layer is
approximately infinite compared with the overall size of the mold, the above
problem can be approximated as a one-dimensional heat transfer problem of
a semi-infinite object. The heat conduction of the mold is equivalent to the
surface contact heat transfer of a semi-infinite object. Frictional heat
generation is equivalent to the heat conduction problem of a constant heat

source on the surface of a semi-infinite object.

2.2.1 Heat transfer
(1) Heat transfer differential equation

According to the theory of heat transfer, the differential equation for the

one-dimensional unsteady heat conduction problem is:
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6T(x7t) 32T(flf,t)
=a 2)
ot 6:1;2

where T(x,t): temperature function (C);
a: thermal diffusivity (m?/s) ;
t: time (s);
X: position coordinates (m).

As shown in Figure 2-1, the following mark “1“ represents the relevant
parameters of the metal billet, the lower mark “2“ represents the relevant
parameters of the die, and the contact surface of the die and the forging is

the coordinate zero point, then:

|\

Contact

N\
N

surface

N\

7%

X
/ Metal .

/ billet Tlee \
7/ i b \

s NSNS\

Fig. 2-1 The contact diagram between the billet and the mold

oL (@t) 0T (at) (3)

8TQ(m,t) 62T2((E,t)
= >0,z > 4
o C— (t>0,2>0) (4)
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(2) Initial conditions and boundary conditions

Tyl(xvo):Tw, TIQ(ZUO):TQO (5)
aT, (0,t) 8T, (0,t) 0T (—oo,t) oT,(+oo,t)
)\1 1 :_)\2 2 7 1 _ 2 =0 (6)
ox ox ox ox
T,(0,6) =T, (0,1) (t>0) (7)

where Ty forging starting temperature of metal billet (C) ;
Ty: preheating temperature of mold (C) ;
A1, A2 thermal conductivity of metal billet and molds (W/m - C).
(3) Temperature distribution of surface layer of forging model cavity

Using the initial conditions and boundary conditions to solve the differential
equation (3) and the equation (4), the temperature distribution function of the

mold cavity surface layer is obtained as:

T1 _TQ
T, (z,t) = %em‘b[x/ (24/a,t)] (8)
Wy

where erfc(x): the residual error function of the argument X,

+ oo 2 . . . . .

erfe(z) = 2 f e "dt, lts relationship with the error function erfc(x) is
VLR
erfc(x)=1-erf(x).

The temperature distribution function of the surface layer of the forging

cavity caused by the heat conduction of metal billet is made by TuX, 1),

Ay @y . .
k=1/ ()\— \/aj ), and combined with erfc(x)=1-erf(x):
T (w,t) = k(Ty, = Ty + k(T = Ty erf [/ (2 /ayt )] 9)

(4) Surface temperature of cavity
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T,0,t) = k(T,, — Toy) (10)

When the forging material and the mold material are determined, the
temperature of the cavity surface is only proportional to the difference

between the billet initial forging temperature and the mold temperature.

(5) Time domain characteristics of transient temperature of cavity surface

layer

The temperature curve of the surface layer of the mold cavity is drawn
according to equation (9), it is shown in Fig. 2-2. From the figure, it can be
seen that with the increase of x, the increasing amplitude of temperature
gradually decreases along the thickness direction of the mold, and the
temperature increase begins to delay with the appearance time of the peak

temperature, which is consistent with the experimental test results.

T,(x.1)

Fig. 2-2 The temperature time curve of mold surface®

According to equation (9), at any time t, the position Xg, at which the

temperature rise in the mold starts can be obtained by the following equation:
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Collection @ kmou



so, Ty =44/ azl

In general forging production, the contact time between the metal billet and
the mold cavity is approximately tens of milliseconds to several seconds. In
such a short time, the heat affected zone of the surface layer of the mold

cavity is only a few millimeters thick.

2.2.2 Heat conduction by frictional heat generation
(1) Heat transfer differential equation
By equation (4),

c‘)TQ(:r,t) 821“2(1:,15)

ot 2 o2 (12)

Gq(a:,t) 62q(x,t)

ot 2 g2 (13)

o 0Ty (x,t) B 92 Ty (x,t)

P e (14)
T, (x,t)

qz,t) =— ), 28t (15)

og(x,t) _  0%qla.t) (16)
ot 2 811;2

(2) Initial conditions and boundary conditions

q(2,0)=0, q(0,t)=q, qloo,t)=0,

where qq the constant heat flux (W/m? caused by the friction between the
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metal billet and the mold cavity. As the heat source transfers heat to the
billet and the mold at the same time, the equation is calculated according to

the heat flow distribution coefficient:

Ay = VA [ (Ao + yAgem, ) (17)
1
50, q. = 5 HpV;

- the friction coefficient of the contact between the metal billet and the

mold cavity;

p: normal stress at the contact between the metal billets and the mold

cavity(N/m?) ;
C1, Cp: specific heat of metal billets and forging dies(J/Kg - C) ;
o1, w9 density of metal billets and forging dies(Kg/m?);
v : sliding speed (m/s) of the metal billet along the cavity surface(m/s).
(3) Temperature distribution of surface layer of forging model cavity

Using the initial conditions and boundary conditions to solve the differential
equation (16), the heat flux distribution function of the surface layer of the

mold cavity is:

q(x,t) = gerfe( N ) (18)

Substituting it into equation (15) and integrating from x to + oo:

. [ 2q,
Tg(m,t)Z%f erfc( x )dxzi\/aQt . ierfc(
2 x

24/a.t A ) (19)

x
24/ast
where ierfc(x): the residual error function of the independent variable X?,
Let Tm(x,t) be the temperature distribution function of the surface layer of

the forging die caused by frictional heating between the metal billet and the
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mold cavity surface:

Tm(:c,t) = K Vast e ierfe(

y ) (20)

X
24/ ast
(3) Cavity surface temperature:

0.5642upv
T (0,t)= A—“p Jast (21)
2

Cavity surface maximum temperature:

Toax = T,00,8)+T,,(0,1) + Ty,

ma

then: T, =K+ (1—k)T)+ % Vo (22)
2

where, ¢: contact duration (s) of contact between the billet and the cavity

surface during deformation of the metal billet.

Ay |
kzl/(1+/\—2 %), For common die forging steel parts, the value of k
1 2

ranges from 0.5 to 0.55. In general analysis, it takes k=0.54.

p: the normal stress at the contact between the metal billet and the mold
cavity, because the contact surface of the metal billet and the mold cavity is
not ideally smooth, the part of the forging pressure on the surface of the
mold cavity is only a few points or a small area of the surface protrusion. It
can be remembered p=no in the different stages of the forging forming

process, n takes the corresponding value.

w: the friction coefficient between the metal billet and the mold cavity
surface, according to the Coulomb friction theorem, x should be constant on
the friction surface, but there is no such friction coefficient in actual hot
deformation. Considering the type of forging materials and the use of

lubricants in the actual forging process, = 0.18~0.5 is often used.
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(4) Time domain characteristics of transient temperature of cavity surface

layer

The temperature curve of the surface layer of the mold cavity drawn
according to equation (20) is shown in Figure 2-3. As can be seen from the
figure, with the prolonged deformation time of the metal billet, the surface
temperature of the mold cavity rapidly increases, but the temperature change
range far from the mold cavity surface layer is not large, which is consistent
with experimental test results. The increase in temperature gradually
decreases, and the increase in temperature begins to delay with the
appearance of the peak temperature, which 1is consistent with the

experimental test results.

-

T (x,1)]

t,>t,>t,)

Fig. 2-3 Temperature distribution curve of mold surface®

_17_

Collection @ kmou



From equation (9), at any time t, the position x, at which the temperature

rise in the mold starts can be obtained from the following equation:

ierfe( )=0

xr
N

Check the table from book:*?! 1.6

X
24/ayt B

In general die forging production, the transient temperature rise caused by
friction factors only affects the thickness of the surface layer of the mold

cavity to several millimeters thick.

2.2.3 Temperature difference between mold surface layer and near surface

layer

The fundamental reason for the tensile and compressive stress of the mold
surface layer is that there is a temperature gradient between the surface
layer and the near surface layer of the mold. The peak of compressive stress
is related to the peak temperature of the mold surface layer and the average
temperature of the near surface layer. The peak tensile stress is related to
the propagation characteristics of the various harmonics of the temperature
signal in the mold, its value depends on the average value of the surface
layer temperature and the peak value of the near-surface layer temperature.
The peak temperature difference between the surface layer and the near
surface layer of the die when using the die forging equipment corresponding

to various types of temperature pulse signals is as follows:
(1) Sawtooth-like signals such as high-speed hammers in a continuous blow

0.2

(AT)min = —Tmax (23)
T
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1
(AT)maX = ETmax (24)

(2) A triangular wave signal such as a hammer, etc. in a continuous blow

0.8
(AT)min = —2Tmax (25)
T
1
(AT)max = §Tmax (26)

(3) Sinusoidal signals such as die forging presses in a continuous blow

0.8

(AT)min - ? max (27)
.14
(AT)max = %Tmax (28)

2.3 Theoretical expression of peak thermal stress in hot forging die

According to the deformation characteristics of the mold cavity, it can be
considered that the stress state of the cavity surface is a plane stress state.
Since the temperature function of the mold working surface is periodically
changed, the functions of temperature, displacement and stress are expanded
into Fourier series. The form is calculated to give the thermal stress wave

distribution function at the depth (z-direction) of the mold cavity surface %%

Fo
o, = —ATeXp(—zw/ v )cos (z“l wt) (29)
R e 7 2a 2a

where E: the elastic modulus of the mold material;
« : linear expansion coefficient of mold material
a: temperature coefficient of mold material;
v : poisson’s ratio of mold materials;
AT: the temperature difference between the surface layer and the
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near surface layer at the danger point of the mold;
w: the harmonic frequency of the thermal stress function.

Therefore, the equations for calculating the peak values of tensile and
compressive stress at the dangerous points on the surface layer of the mold

are as follows:

Ea(AT)min
1—v
Ea(AT), .
Opax — ———7——— (31)
1—v

(ADmin,(ATmax are the minimum and maximum values of the temperature
difference between the surface layer and the near surface of the mold cavity

respectively.

(1) Fatigue characteristic parameters at the dangerous point of the mold

surface layer
Cyclic thermal stress average:

o Omax ;_Umin (32)

Thermal stress amplitude :

Omax ~ %min
5, =|—m_mn (33)
Thermal stress characteristic parameters:
Omin
Y= (34)
g

(2) Parametric expression of peak thermal stress in hot forging die

In order to illustrate the convenience of the problem, taking the die forging
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of a continuous hot die forging press as an example, the parameter
expressions of the peak thermal stress and the cyclic thermal stress amplitude

at the dangerous point on the surface of the hot forging die are listed.

The equations for calculating the peak values of tensile and compressive
stress at the dangerous points on the surface layer of the mold by

substituting (18) and (19) into (21) and (22) are respectively as follows:

0.8 Ea [T
Oy =— 1(14E0‘) [T, +k(T,—T,)+0. 5642upv,/ (36)
The equation for the circulating thermal stress amplitude is as follows:
5.02 ko
%= G0 [T, + k(T =T,) +0. 5642upv,/ (37)
A c
Among, p=nos, K=1/(1-+ G ),
PaiCa

1= 2O R il 38)

T= o, arccos g + arccos S\ 38

According to the influence parameters in the equation, the methods and
measures to relieve the thermal stress of the hot forging die can be
theoretically directed. In fact, due to the limitation of process conditions, some
parameter adjustment ranges are very limited. For example, initial temperature
parameters Ty and Ty, some parameters cannot be precisely controlled and
detected, such as the friction factor x at the contact between the billet and
the die cavity, and some effects are very limited. Taking this actual situation
into consideration, the thermal stress of hot forging die is relieved from the

following four manners.

1. Reduce the temperature difference between the surface layer and the
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near surface layer of the dangerous point of the mold cavityAT;
2. Use better hot forging die materials:
3. Develop and use new functional materials;

4. Improve process parameters.
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Chapter 3 Prediction of wear region of axle die by finite

element method

In forging, die failure can be a significant portion of the overall production
cost. The cost to replace a die includes the basic cost of the die, which
encompasses the cost of material, machining, coating, and surface treatment
as well as the cost of labor. In any case, the most important cost of die
failure is related to the down-time of the manufacturing system, which

reduces the overall productivity®.

Therefore, to remain competitive, the
cost-effective application of computer aided techniques, i.e. CAD, CAM, CAE
and especially Finite Element Analysis (FEA) and Finite Volume Analysis (FVA)
based computer simulation, are an absolute necessity. Figure 3-1 shows the
application procedure of CAD, CAD, CAM, CAT. The practical use of these
techniques requires knowledge of the principal variables of the forging
process and their interactions. These variables include: a) the flow behavior
of the forged material under processing conditions, b) die geometry and
materials, ¢) friction and lubrication, d) the mechanics of deformation, i.e.
strains and stresses, e) the characteristics of the forging equipment, f) the
geometry, tolerances, surface finish and mechanical properties of the forging,

and @) the effects of the process on the environment'®”.
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Final Offset Determination Dividing the
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0 2 decomposition intobase a
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> / .
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of data machining process for i
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dimensional su::::ce tand EDth(erc;n;:is macltl'lfmng machining
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f"“snl“g and thin walls part hase part

Fig. 3-1 Application procedure of CAD/CAM/CAT

The finite element method has gained wide acceptance in the industry and
academia. This can be attributed to the rapid advancement in the computing
technology, user-friendly commercial FE software and detailed information
FEM can provide as compared to other methods of analysis, the FE method
allows the user to incorporate in the simulation: (a) the tool and workpiece
temperature, (b) the  heat  transfer  during  deformation,  (c)
strain-rate-dependent material properties, (d) strain hardening characteristics,
and (e) capabilities for microstructure analysis. This results in a more accurate
analysis of the forging process. Commercial FE software packages have been
complex two-dimensional (2-D) and

used successfully in  simulating

three-dimensional (3-D) forging operations. In this chapter, the hot forging

die of axle shaft is researched by the way of finite element simulation, the
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worn region of the die is predicated, the harden layer is designed and the
thermal stress at the interface between the deposition layer and the substrate

is analyzed.

3.1 Axle forging

Automobile axle shaft should be subjected to a number of complex stresses
during working, such as rotational bending and impact. Fatigue cracking is
main form of failure. Therefore, the axle material is required to have
sufficient strength and toughness, and manufacturing process is very strict. In
general, axles are manufactured by hot forging process. The plastic
deformation resistance of metal directly affects the quality of the forgings
made of metal billet and tool life. Billet is heated before forging, the main
purpose is to enhance the plasticity and reduce the deformation resistance so
as to get a good workpiece after forging. The axle shaft mainly adopts the
heating method of the step-type continuous heating furnace. Figure 3-2(a)

shows the heating of the workpiece.

Dies for forging steel and other metals that must be forged at high
temperatures are susceptible to heat checking, or the development of minute
cracks in the die surface®. Heat checking appears mainly in corners or on
ledge of the die. It occurs when the die surface has become overheated while
the center of the block remains relatively cool. The variation in rates of
contraction on cooling causes the surface to crack. Once cracks are started,
forging forces (specially the forces of impact) will cause cracks to grow, and
if this is allowed to continue, die breakage will result. Most heat checking
occurs in the forging of steel and heat-resisting alloys, considerably less in
the forging of copper alloys, and little in the forging of aluminum or
magnesium alloys, because of work-metal temperature. In this paper, the

material of hot forging die is SKD61, a kind of hot working die steel. So, hot
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forging die is heated before starting to work as shown in Figure 3-2(b).

Figure 3-2(c) shows the production equipment of an axle forge. The heated
forgings are rapidly placed on the production equipment, this is to prevent
the temperature drop and oxidization of the workpiece, it will affect plastic
deformation of workpiece. Figure 3-2(d) shows the shape of workpiece after
forging. After the workpiece is forged, allow it to cool naturally to room

temperature. This will ensure that the residual stress in the material is less.

Fig. 3-2 Manufacturing process of axle shaft: (a) Heating of the workpiece;
(b) Preheat treatment of die; (c) Production equipment of an axle forge; (d)

Shape of workpiece after forging
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3.2 Three-dimensional model

In metal forming processes, both plastic deformation and friction contribute
to heat generation. The temperatures developed during the forging operation
influence tool life, as well as microstructure and properties of the forging
part. With the finite element based process modeling, the heat generation
during deformation and heat transfer before, during, and after deformation
can all be calculated in a computer. To ensure accurate heat transfer
calculation, correct work-piece and die interface heat transfer coefficient
must be known. Using accurate process modeling, the influence of press

speed, connect time, and heat transfer in metal forming can be evaluated.

Figure 3-3(a) shows the geometric model of the forging die of the
automobile axle. The left figure shows the entire model of the grinding tool,
and the right side is the section of the model. From the right side figure, the
internal dimension of the model can be clearly seen. The dimension of the
model is according to the actual size of the factory one to one established.
The axle’s hot forging tool is a cylinder and an axisymmetric pattern.
Accuracy of simulation results and calculation time are relative to number and
size of grids, the number and size of grids of model is determined the volume
of model. In order to save the calculation time and improve the accuracy of
simulation results, a quarter model is used for simulation calculation. Figure
3-3(b) is a quarter-finite model used for simulation calculations and meshes
the model. It can be seen from the figure that the model surface, edges and
corners, as well as the raised parts are densely meshed, it is to improve the

accuracy of the calculation results.
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(b) Finite element model

Fig. 3-3 Design model for analysis
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3.3 Properties of SKD61 and Stellite21

Die material and hardness have great influence on die life. A die made of
well-chosen material at the proper hardness can withstand the severe strains
imposed by both high pressure and heavy shock loads, and can resist wear,

cracking and heat checking.

SKD61 is a kind of hot forging steel with excellent strength, toughness and
heat resistance balance. It is a medium-alloy hot forging steel containing
silicon, chromium, molybdenum, and vanadium. Its chemical composition is
shown in Table 3-1 and physical properties in Table 3-2. This years, with the
development of isotropic products, it 1is increasingly developing in high
toughness and high hardness. It can make the life of hot forging die longer.
The performance is more stable and easy to process. However, this still
cannot meet the human needs for its use. Under high temperature working,
its hardness will rapidly decrease, the working life of die made by SKD61

would also reduce.

Many types of hard material can be coated on surfaces to improve wear
resistance, strength, and corrosion = characteristics. Cobalt superalloys,
Nickel-base superalloy and Iron-base superalloy are commonly hardfacing
materials. Stellite21 is a kind of Cobalt superalloys, its chemical composition
contains a lot of alloying element and less carbon content so that it has a
good hardness and toughness at high temperature. In addition, Stellite21 has
several unique properties, such as creep-resistance and abrasive resistance,
bio-compatibility, and corrosion resistance. with the welding technology
development,  Stellite2l  coatings have been developed by various
techniques®®¥, for example, plasma transferred arc (PTA) welding and high
power diode laser (HPDL) cladding. So, it is used as hardfacing material for

axle’ s forging die. The chemical composition of Stellite2l is given in Table
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3-1 and its mechanical and physical properties in Table 3-2.

Table 3-1 Chemical composition (wt%) of SKD61 and Stellite21

C Si Mn P Cr Mo \Y Fe Co
0.32~ | 0.08~ 4.5~5. 0.8~1.
SKD61 0.5 0.03 1~1.5 Bal —
0.42 1.2 5 2

Stellite | 0.2~0.
21 35

1.3 1 — 26~29 | 4.5~6 — 3.5 Bal

Table 3-2 Typical values of mechanical and physical properties of SKD61 and

Stellite21 at room temperature

Mechanical and )
. ) SKD61 Stellite 21
physical properties
Hardness (HV) 420 450
Modulus of elasticity
200 245
(GPa)
Thermal conductivity
25 17
(W/m-C)
Density (kg/m?) 7760 8330
Specific heat (J/kg-C) 460 423
Thermal expansion
. 6 10.4 14.3
coefficient (107°/K)
Poisson’s ratio 0.29 0.3

During the forging process, the surface temperature of the hot forging die
increases so that thermal softening of the die surface material, thereby
causing rapid wear of the die. Therefore, the strength of the mold material at
high temperatures directly affects the wear resistance of the mold. Figure 3-4
shows the hardness of the Stellite2l and SKD61 at high temperature. It can
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be seen from the figure that the hardness of Stellite21 and SKD61 decreases
as the temperature increases, but the hardness of Stellite2l decreases more
slowly than that of SKD61. In other words, the Stellite2l can maintain a good

mechanical property even at high temperatures.

500
. —e—SKD61
_ --E-H_H_hh;\\: .
e
% 300 N Yy
= .
S 200 \
s x\ \
100 = N
»
0
0 200 400 600 300 1000
Temperature( C)

Fig. 3-4 Hardness of Stellite2l and SKD61 at high temperature

3.4 Initial simulation parameters

After the simulation model is established, the boundary conditions and
corresponding simulation parameters should be set for the model. The
simulation process parameters must be consistent with the actual production
conditions of the factory, since only this way can ensure that the simulation
results are consistent with the actual. When the axle of the automobile is

forged, the forging speed of the abrasive tool is 400 mm/s. The moving
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distance of top die is 67mm, the initial temperature of workpiece is about
1150° C. In order to improve the performance of the hot forging die and
avoid hot checking, the forging die are preheated, and the temperature of the
forging die after preheating is about 350° C. This method can well prevent
the occurrence of heat cracks on the surface of the forging die. The working
temperature is about 30° C. The heat conductivity in the forging die is 2
W/m? - ° C, while the heat conductivity between the tool and the workpiece
is 11 W/m? - ° C and the friction coefficient is 0.7. Tables 3-3 and 3-4 shows

simulation data for model analysis.

Table 3-3 Simulation data for wear analysis

) Workpiece : Plastic
Object type ) o
Die : Rigid
. ) Workpiece : 1150°C
Initial temperature of object ] .
Die : 350C
Die speed [mm/s] 420
Die pressing depth [mm] 67
Heat transfer coefficient on bottom die [W/m? - <C] 2

Table 3-4 Interface properties between workpiece and dies

. . . Friction o 5
Object relationship Heat transfer coefficient [W/m” - C]
factor
Punch-workpiece
0.6 11
Die-workpiece

The manufacturing material of the axle hot forging die is SKD61, a
commonly used hot forging tool steel, and its specific chemical composition is
shown in Table 3-1. Table 3-5 shows the thermal physical properties of
SKD61.
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Table 3-5 Thermal physical properties of SKD61 and Stellite21

SKD61 Stellite21
Properties Temperature Temperature
Value Value
[C] [C]
25 200 25 245
Young’'s modulus 649 113.8 649 191.7
[GPa] 760 103.6 760 182.2
1150 68.9 1150 149
100 10.4 427 14.3
Thermal 425 12.2 649 15.1
expansion
(10 mm/mm - C] 650 13.1 816 15.6
1370 13.86 2000 28
Thermal 20 25 20 17
conductivity 350 28.4 300 18.8
[W/m? - C] 605 28.7 600 24.9
Specific heat
460 423
[J/kg - C]
Density [kg/m’] 7760 8330
Poisson’s ratio 0.29 0.3

3.5 Archard wear model

Some of analytical wear models are developed by Holm, Archard, and
Rabinowicz. Among them, Archard model is often used in the model analysis.
Archard’ s model is applied to analytical wear models in DEFORM software.

Information from the manufacturing process of an axle should be put into the

3D-DEFORM. This wear model is expressed as Eq. (30) ®¥737;
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b Py

W= dt (39)

ty
where W is the wear volume of die. P is the interface pressure, v is the
sliding velocity, H is the hardness of tool material, dt is the time increment,
a, b, ¢, K is the experimentally calibrated coefficients (a, b are commonly
taken as 1, and ¢ = 2 for tool steels)®®, According to the equation, the wear
volume of die is related to interface pressure, sliding velocity, contact time,
friction coefficients and hardness of material. It is recognized very clearly
that adhesive and abrasive die wear can be minimized by reducing the wear
coefficient, the normal pressure and the sliding length and by increasing the
die hardness. Table 3-6 is the hardness and wear coefficient of SKD61 at the

high temperature!™*.

Table 3-6 Input data for wear analysis

Properties Temperature [C] Value
300 370
Hardness of die [HV]
500 281.7
300 17.3
Tool wear coefficient [107]
500 26.1

3.6 Simulation results

3.6.1 Simulation results of conventional die

In hot forging, the workpiece is a continuous change process, the forging
pressure is gradually increasing with the contact area increase between the

workpiece and die. Figure 3-5 shows the change of pressure during the
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forging process with time. From the figure, it can be seen that the entire
forging process requires about 0.161 s and the maximum pressure is about
1.28 x 10° N. Figure 3-6 shows the shape change process of the workpiece
during the forging process. It can be seen from the figure that the contact
area between the workpiece and the bottom die gradually becomes larger, so

the pressure required for forging increases gradually.

Z Load (N)
1.27e+00
| T 1 ] L] 1 T 1 T T | 1 1 1 1 ] I T T 1 | 1 T L] L) ]
1.01e+007 [ — Bottom Die i
7604006 | Lo g ]
507e+006 | 1
253e+006 I . . Ny g U s il
0 : M M " " | 2 L 2 l ‘ I 1 I I Il 1 :
0.000 0.0338 _0.0677 0.101 0.135 0.169
Time (sec)

Fig. 3-5 Load-time curve of conventional during forging process
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Fig. 3-6 Deformed shape of workpiece

Figure 3-7 shows the temperature distribution on the workpiece, It can be
seen from the figure that after hot forging process, the maximum
temperature of the workpiece is higher than initial temperature, this is
because internal metal atoms rub against each other during deformation. The

greater the deformation, the higher the temperature.

Step 677 Time 0.161
Temperature (C)

c o Y
—w\ 1250

1190

1120 g

1050
980

911
911 Min

z 1250 Max

Fig. 3-7 Temperature distribution on the workpiece
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Figure (3-8) to (3-10) show the variation and distribution of the interface
temperature, interface pressure, and slipping velocityon the hot forging tool
during forging of the axle. It can be seen from the figure that the maximum
temperature of the surface is 894° C and it appears on the top of the
convex portion. During the entire forging process, the convex portion of the
abrasive tool is the highest. Therefore, the hardness of this portion of the
material is reduced and it is prone to wear. The maximum sliding velocity is
734 mm/s, appearing on the top surface of die, but the maximum sliding
velocity is always appearing on the top of the convex portion during the
whole forging process. The maximum interface pressure is 791 MPa. The
maximum interface pressure occurs at the top to the inside of the bulge.
According to the classic Archard model, the largest position of abrasive wear
should be the convex top. Figure 3-11 shows the surface wear map of the
abrasive tool. The largest part of the wear appears on the top of the bulge.
Therefore, the hardened area of the abrasive tool is selected as the convex

portion, it is shown in Figure 3-11.
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3.6.2 Simulation results of designed model

The wear speed of the mold has a direct relationship with the mechanical
loading force. The greater the mechanical loading force, the greater the
friction between the mold and the forged workpiece, and the faster the mold
wears. Figure 3-12 shows the pressure-time curve of designed model during
forging process. Compared with the traditional die forging process, it can be
seen that the maximum mechanical loading force of the designed die in the
forging process is smaller than that of the traditional die, which means that

the designed die tool can cut down the surface friction and reduce wear.
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Fig. 3-12 Load-time curve of designed model during forging process
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Figure (3-13) to (3-15) show the distribution of interface temperature,
sliding velocity and interface pressure of automobile axle during forging
process. According to Achard model, the wear of the model is directly related
to the interface temperature, sliding velocity and interface pressure of the
die. According to the simulation results, top region of the designed model is
very easy to wear. Compared with the traditional molds, the designed die has
the lower interface temperature, the faster sliping velocity and the smaller
interface pressure, so the wear resistance of designed model is more excellent

than traditional abrasive tools.
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Figure 3-16 shows the wear map of designed die. It can be seen from the
figure, the most worn region appears at the top region of die surface. The
maximum depth of wear is 5.99x10”°mm. Compared with traditional molds, the

wear depth of designed dies is greatly reduced.

5.99x10°

4.48x10°5

\ /1 3.00x10°
Top region |

1.50x10=

Fig. 3-16 Wear depth (mm) of designed die

3.6.3 Principal stress distribution on the conventional die and designed die

In the die forging process, the temperature of the die surface will increase
due to heat conduction and mechanical friction, the temperature increase of
die will cause thermal stress in deposited region, especially for the connection
interface between the deposited layer and the substrate. Figure 3-17 shows
the maximum principal stress distribution on the conventional die and designed
die. It can be seen from the figure that there is a large stress difference
between the deposited layer and the substrate of the designed mold,

therefore, designed mold will generate a large thermal stress concentration
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between the hardened layer and the substrate.
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Fig. 3-17 Maximum principal stress distribution on the conventional die and

designed die

Figure 3-18 shows the deviation of principal stress along the depositional
interface. The orange dashed line represents the main stress difference along
the depositional interface. The blue solid line represents the stress difference
of the conventional mold at the same position as the depositional interface.
By contrast, when Stellite2]1 is used for surface strengthening, a huge stress
difference occurs between the deposited layer and the substrate, which is
likely to cause cracks at the deposition interface. Therefore, in order to
reduce the thermal stress difference at the depositional interface, we will

design a optimal thermal stress control layers.
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Chapter 4 Design of thermal stress control layers between

hardened layer and substrate

In metal forming process, both plastic deformation and friction contribute to
heat generation. Approximately 90 to 95% of mechanical energy involved in
the process is transformed into heat®™. A part of generated heat remains in
the deformation material, another part flows into the undeformed or
less-deformed portion of the material where temperature is lower, while still
an additional part may flow into the tooling. The surface temperature of die
will increase, thermal stress will generate at the interface of different
materials. The size of the thermal stress has a direct impact on the service
life of the abrasive. In this chapter, with the finite element simulation analysis
method, the heat generation during deformation and heat transfer before,
during and after deformation can be calculated in a computer, as well as
thermal stress is calculated between the hardened layer and the substrate. A
thermal stress control layers is designed between the hardened layer and the
substrate to reduce the thermal stress, our aim is to minimize the thermal

stress by changing the thickness and composition ratio of the transition layer.

4.1 Direct metal deposition technology

Due to heat transfer from the workpiece and heat generation by interface
friction, the surface temperature of the bottom die rapidly increased. The
wear is subjected to maximum pressure and sliding length under the highest
temperatures, and therefore, the die are prone to wear leading to premature
failure in the production process. The direct metal deposition technology, using

laser 3D printing, is adopted to improve the wear resistance of the bottom die
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surface at elevated temperatures.

The principle of the direct metal deposition technology is based the laser
cladding process to create a hardfacing layer, it is almost the same as the
laser cladding assisted hardfacing technology except for material deposition
along the arbitrary trajectory through the layer-by-layer deposition in a
CAD/CAM environment*¥. The dilution of the direct metal depostion
technology is identical to the laser cladding assisted hardfacing technology.
The thickness of a layer for the direct metal deposition technology ranges

from 0.13 mm~0.38 mm“”

. The quality of the hardfaced layer by the direct
metal deposition technology is dependent on the deposition direction, the laser
power, the travel speed, the material feeding speed, the overlap ratio, the
total layer thickness, the geometrical complexity, etc®. The direct metal
deposition technology can control the bead width and thickness through

optimization of the process parameters.

Figure 4-1 shows the direct metal deposition technology and deposited
region on the bottom die. All materials are deposited by laser cladding. The
laser process utilizes gas-atomised powder that, with the assistance of a laser
beam, is locally melted onto a substrate material in a controlled atmosphere.
To create a metallically bonded clad layer the substrate is melted to a depth
about 50um. The shallow melt depth and the efficient cooling provided by the
substrate material combine to create a clad layer with desired composition and
a fine microstructure®. Multiple clad layers can be deposited. Comprehensive

research has been performed in the area of laser cladding of stellites %>,
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Fig. 4-1 Deposition process and deposited region of bottom die

4.2 Design of thermal stress control layers

SKD61 as substrate -material is applied to the bottom die, and the
hardfacing layer is made of Stellite2l. Table 3-1 shows the main chemical
composition of Stellite21 and SKD61. Their chemical composition and physical
properties have a large deviation, particularly their thermal physical
properties; therefore, thermal stress concentration appears near deposition

interface between the hardfacing layer and the base metal after hot forging.

In order to reduce thermal stress, TSCL is designed between the hardfacing
layer and the base metal. Figure 4-2(a) illustrates the deposited layer
structure of the hardfacing layer, TSCL, and substrate. The thickness of
deposited region is about 3 mm. Figure 4-2(b) exhibits the designed geometric
shape and thickness of the TSCL. The thicknesses of the TSCL are 1 mm, 1.5
mm, and 2 mm respectively. A mixture of SKD61 and Stellite21 is selected as
the material of TSCL. Mixing ratios (volume) of Stellite21l are set as 25%, 50%,

and 75%. Several cases are shown in Table 4-2.
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Fig. 4-2 Axle die and geometry model of TSCL
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Table 4-1 Thickness and mixing ratio of TSCL

Case Thickness of TSCL (mm) Volume ratio of Stellite 21(d)
Reference case 0 —_—
Case 1 0.25
Case 2 1 0.5
Case 3 0.75
Case 4 0.25
Case 5 1.5 0.5
Case 6 0.75
Case 7 0.25
Case 8 2 0.5
Case 9 0.75

4.3 Numerical analysis of axle forging process

The thermal and physical properties of SKD61 and Stellite21 are shown in
Figure 4-3. The property data of the Stellite 21 alloy and SKD61 are obtained
from the related references. There is lack of data regarding the properties at
high temperature, and therefore, these data are assumed by the line

interpolation method in the analysis.
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Fig. 4-3 Thermal and physical properties of Stellite2l and SKD61
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The TSCL is the mixture of SKD61 and Stellite 21, and different mixing

ratios of SKD61 and Stellite 21 will engender different performances. In this

55]

study, the mixing law®® and Maxwell model® are generally used to describe

the physical properties of the TSCL. The relation equations are as shown

below:
Erser =6 (1—P)+£,0 (40)
Cprser = AT\ Sl o (41)
p,(1—=®)+ p,®
KTSCLi K2+2K1+2@(K2_Kl) (42)

K, K 2K 0K~ K)
where ¢, 1s the thermal physical properties of TSCL, ¢, & are the

thermal physical properties of SKD61 and Stellite2l. ¢ is the volume of
Stellite2l. Cp,yy 1s the specific heat of TSCL, C,,, C,, are the specific heat

of SKD61 and Stellite21. p; p, are the density of SKD61 and Stellite2l. A,
is the thermal conductivity of TSCL, A, K, are the thermal conductivity of
SKD61 and Stellite21. Thermal physical properties of TSCL is shown in Table 4-2.
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Table 4-2 Thermal physical properties of TSCL

TSCL TSCL TSCL
mixing ratio mixing ratio mixing ratio
Properties @ - 0.25 ® - 05 ® - 0.75
Temp Temp Temp
Value Value Value
[C] [C] [C]
Young's 25 211.3 25 222.5 25 233.8
modulus 649 133.3 649 152.8 649 172.2
[GPa] 760 123.3 760 143.1 760 162.6
Thermal 100 11.05 100 11.7 100 12.4
expansion 425 12.73 425 13.25 425 13.8
[10°mm/mm - C| 650 13.6 650 14.1 650 14.6
Thermal 200 25.7 200 22.9 200 20
conductivity 400 26.6 400 24.64 400 22.65
2 .
[W/m™- C] 600 27.64 600 26.53 600 | 25.38
Specific heat
450.2 440.8 431.8
[J/kg - C]
Density [kg/m?] 7903 8045 8188
Poisson’s ratio 0.29 0.3 0.3

The axle manufacturing process is complicated, since the bottom die is
subjected to constantly changing pressure and temperature. Figure 4-4 is
description of a single forging cycle of the axle. One single forging cycle
takes about 16 s.
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Fig. 4-4 Description of a single forging cycle
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4.4 Simulation results and discussion

4.4.1 Die temperatures during steady-state

Temperature is the main cause of thermal stress; hence, accurate stress
analysis requires the investigation of the production process under
steady-state conditions. All forming processes, especially warm/hot forging,
have a transient warm-up period before the dies reach their steady operating
temperature distribution. Most FE simulation analyses ignore this warm-up
stage by assuming a certain preheat temperature for the die, which is

acceptable for metal flow analysis.

Figure 4-5 shows a schematic of the warm-up phase of the hot forging die
of axle with an initial preheat temperature of Ty(350°C). The die temperature
increases until a steady-state cycle is reached, as shown in Figure 4-5. The
solid line represents the fluctuation amplitude of the surface temperature of

the bottom die, while the dotted line represents the fluctuation amplitude of
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the temperature at the center point of the TSCL. The steady-state
temperature (Ti) is reached after 14 cycles.
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Fig. 4-5 Temperature change of warm-up in forging dies

In order to simulate the true stress distribution in the deposited region
during the work state, the forging state and cooling state of the bottom die
are analyzed in the 14th cycle.

4.4.2 Die state under steady state conditions

4.4.2.1 Stress distribution on the deposited layer at forging state

During the forging process, heat transfer and frictional heat generation
between the workpiece and dies result in an increase of localized
temperature. As shown in Figure 4-2, the Stellite 21 alloy has a lower heat

capacity, faster heat transfer speed, and greater expansion coefficient than
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SKD61. Therefore, when the localized temperature of the die increases, the
surface of Stellite2]1 rapidly expands, and a stress concentration region, which
provides a favorable condition for the formation of thermal cracks, occurs

between the deposited layer and the base metal.

Figure 4-6 displays the maximum principal stress distribution of all cases at
the end of the process under steady state conditions, in which the bottom die
bore maximum load and stress. According to the maximum principal stress
distribution in the figure, there is a large deviation of maximum principal
stress near the intersection line between the hardfacing layer and the
substrate of reference case. When a TSCL, consisting of Stellite21 and SKD61
is created between the hardfacing layer and the substrate to release thermal
stress, the maximum principal stress changes from the original dislocation
transition to the smooth transition at the deposited interface. Thus, stress
concentration is reduced near the intersection line.According to the
comparison of the thickness and composition change of the TSCL, when the
ratio of Stellite2] is increased and the thickness of TSCL is kept constant, the
red region shown in Figure 4-6 (tensile stress region) is reduced. This shows
that the gradient of principal stress increases at the interface between the
TSCL and the base metal, while the gradient of principal stress decreases at
the interface between the TSCL and the hardfacing layer. When the thickness
of TSCL is increased and the ratio of Stellite2] is remained, the blue region
shown in Figure 4-6 (compressive stress region) increase and red region will
decrease. As a consequence, the middle region is gradually increasing,
meaning that the gradient of the intermediate transition zone is relatively
gentle; the gradient of principal stress between the TSCL and the hard facing

layer is gradually reduced.
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Fig. 4-6 Max principal stress distribution in the deposited region under the

maximum loading

In order to clearly compare the effect of different thicknesses and
compositions of a TSCL on the interface, the deviations of maximum principal
stress on both sides of the interface are studied. Figure 4-7 shows the main
interface of stress concentration after adding the TSCL. The magnitude of the
stress concentration will vary with the composition and thickness of the TSCL

on both interfaces A and B.
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Fig. 4-7 Main interface of stress concentration

Figure 4-8 displays the deviation of maximum principal stress along
interfaces A and B. All cases with a TSCL are compared with reference case.
Figure 4-8 shows the results of all relevant comparisons along interface A. It
is shown that all cases with a TSCL produce better results than reference
case on interface A. In other words, when a TSCL is created, stress
concentration is reduced on interface A. However, when the thickness of
TSCL is 1 mm, only the section with the TSCL added shows a lower deviation
of principal stress as compared to reference case; while the interface directly
connected the hardfacing layer and the base metal shows either equal or
slightly higher deviation values as compared to reference case (as shown in
Figure 4-8 (a)). Hence, when the TSCL is set as 1 mm, it plays a very small
role in reducing interfacial thermal stresses. When the thickness of the TSCL
increases, the deviation of principal stress on interface A is reduced. The
deviation of principal stress on interface A is the smallest when the thickness
of the TSCL is 2 mm. Apart from that, it is known that if the thickness of
TSCL is kept constant, as the volume fraction of Stellite2l alloy is increased,

the deviation of principal stress at the interface between TSCL and the base
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metal is increased.

Figure 4-8 (d), (e), and (f) show the results of all cases with a TSCL along
interface B. According to the results, the deviation of principal stress at the
interface between TSCL and the hardfacing layer will increase when content
of Stellite2]l is decreased in the TSCL. When the volume fraction of Stellite
21 is 25%, the deviations of principal stress values on interface B are
generally higher than in reference case. Therefore, Case 1, Case 4, and Case
7 are more apt to form thermal cracks on interface B. Considering interface
A and B, only Cases 5, 6, 8, and 9 are relatively better. The deviation of
principal stress of Case 6 is smaller than Case 5 on the interface B, but it is
greater on interface A and its peak value is higher than in Case 5 (as shown
in Figure 4-8 (e)). The same goes when comparing Cases 8 and 9, meaning

Case 8 produced better results than Case 9.
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Fig. 4-8 Deviation of max principal stress along interface A and interface B

at the forging state

4.4.2.2 Deviation of die strain at the interface

Localized heating can form a greater temperature gradient in the deposited
region. The closer the surface of the bottom die, the bigger the temperature
gradient. At high temperatures, the elastic modules of deposited material
decrease and strain is more likely to occur under the same stress. Figure 4-9
shows the forging temperature distribution on the bottom die. The red loop
represents the boundary of the TSCL. We can clearly see that when the
thickness of TSCL is 2 mm, the boundary of the TSCL lies in local high
temperature zones, and the difference of the external and internal

temperatures is relatively large on the interface. Therefore, a large the
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deviation of strain will appear, which may lead to the formation of fatigue

cracks.
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Fig. 4-9 Temperature distribution on the deposited layer of bottom die

Figure 4-10 shows the deviation of maximum principal strain at points 1-1
(between the hardfacing layer and the base metal), 1-2 (between the TSCL
and the base metal), 1-3 (between TSCL and hardfacing layer), as well as
point 2 and point 3 (between the hardfacing layer and the base metal) (as
shown in Figure 4-7). The results show that the largest deviation of principal
strain at the interface occurs when the thickness of the TSCL is 2 mm.

Therefore, cases where the thickness of the TSCL is 2 mm are unsafe.
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Fig. 4-10 Deviation of max principal strain at forging state

Based on the above analysis, when the thickness of the TSCL is 1 mm, the
TSCL plays only a minor role in relieving stress. When the thickness of TSCL
is 2 mm, the interface is affected by temperature and a greater strain is
produced. Therefore, the optimal thickness of the TSCL is 1.5 mm and the
optimal mixing ratio is for the content of Stellite2l is 50% according to the

stress analysis on the interface at the forging state.

4.4.3 Residual stresses on the die after cooling stage

After cooling, the pressure is removed, and only residual stress remains on
the bottom die. Residual stress is an important factor of material cracking,
and controlling residual stress can effectively reduce the formation of cracks.

After forging, the high temperature workpiece removed from the bottom die
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and the temperature of the die begins to decrease. Before forging the next
workpiece, the temperature of the die must be decreased to a minimum
value. At this moment, a deviation of residual stresses would be expected in
the deposited region. Figure 4-11 displays the maximum principal stress
distribution in the deposited region after cooling. reference case without a
TSCL forms a large deviation of max principal stress between the deposited
layer and the base metal, and the largest deviation of maximum principal
stress appears at the center of the deposited region. When the TSCL is
applied, the residual stress between the TSCL and the base metal is greatly
reduced as the thickness of the TSCL increases. In particular, when the
thickness of TSCL is increased to 2 mm, the residual stress will be lower than
70 MPa. The maximum deviation of maximum principle stress appears at the
three-phase interface after the TSCL is added. When the Stellite21 content is
increased while maintaining the thickness of TSCL, the deviation of max

principal stress increases on interface A and decreases on interface B.

Stress - Max principal (MPa)

100
"—..i. 843 I

685
s b, 528
Case 3 370 I
213
5.50
-10.3
Case 9 -26.0

Fig. 4-11 Maximum principal stress distribution in the deposited region at the

cooling state
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Figure 4-12 shows the deviation of maximum principal stress distribution on
interfaces A and B. Figure 4-12 (a), (b) and (c) show the result of all cases
with a TSCL being compared with reference case along interface A. Figure
4-12 (d), (e) and (f) show the results of all cases with a TSCL being
compared with reference case along interface B. According to the results,
when a TSCL is applied, residual stress is mainly concentrated on the
interface without a TSCL. When the proportion of Stellite2l is 25%, the
deviation of maximum principal stress is relatively small on interface A, but
relatively large on interface B and the maximum deviation is very high. As a
result, thermal cracks may be formed in advanceat the three junctions and
extended along interface B. When the proportions of Stellite21 are 50% and
75% respectively, their maximum deviation values are mostly equal with
reference case and the deviation of maximum principal stress is relatively
small. However, when the proportion of Stellite 21 in the TSCL is 50%, the
deviation of max principal stress at the interface with a TSCL on interface A
is lower in comparison to a Stellite2l proportion in the TSCL of 75%.
However, they are almost equal on interface B. Therefore, we concluded that
the optimal mixing ratio for the TSCL is a 50% proportion of Stellite21 at the

cooling state.
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Chapter 5 Microstructure and hardness of Stellite21 deposited
on the hot forging die

Die life acts as an important factor on the steel parts productivity, it
directly affects the cost of steel workpiece. Extending the service life of the
abrasive tool is an effective way to reduce the cost of the workpiece.
Therefore, direct metal rapid tooling assisted hardfacing technology is
developed and applied. The hardfacing technology is to increase the service
life of the grinding tool by increasing the strength and wear resistance of the
surface of the grinding tool. A laser is generally used as an auxiliary heat
source to weld an excellent material to the surface of the grinding tool. The
choice of alloy is particularly important, alloys used at elevated temperature
require two main characteristics: first, adequate resistance to corrosive attack
and, secondly, sufficient mechanical strength to resist deformation or fracture
under the imposed stresses. Cobalt base alloy is often employed on account of
the good resistance to thermal fatigue and the good hardness at elevated

temperature.

In this chapter, a cobalt base coating (Stellite21) is deposited using a locally
selective deposition technology on a low alloyed steel. Thermomechanical
behavior and microstructure of Stellite2l alloy are researched after the
effects of heat and stress, the results show the material parameters related to

the microstructural evolution of the cobalt superalloy during the tests.

5.1 Cobalt alloy
Cobalt-base alloys can be conveniently categorized as follows:
® High-carbon alloys designed for wear service

® [ow-carbon alloys designed for high-temperature service
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® [ow-carbon alloys designed to combat corrosion or simultaneous corrosion

and wear

Many of the properties of the alloys arise from the crystallographic nature
of cobalt, Co (in particular its response to stress), the solid solution
strengthening are relative to the content of chromium, Cr, tungsten, W, and

molybdenum, Mo, and the formation of metal carbides,

The strengthening of cobalt base alloy is provided by solid solution
strengthening of the matrix and by the precipitation of carbides. Solid solution
strengthening is principally due to the contents of addition elements, such as
chromium, nickel, molybdenum, tungsten etc. The second-phase strengthening
in cobalt base alloy is mainly provided by carbides formed from the

chromium, which is primarily provide corrosion resistance.

Stellite2] is a cobalt-based superalloy with chromium (Cr), molybdenum (Mo),
and carbon (C) as major alloy elements. Compared with other Stellite alloys,
Stellite21 contains considerably less carbon (0.25 wt%) so that it is
strengthened not only by carbides but also a solid solution with the
strengthening effect imparted mainly by Mo®”. Also by virtue of the high Mo
content, and the fact that most of the Cr is in the solid solution (rather than
in Cr;Cs carbides), the alloy is more resistant to corrosion than other Stellite
alloys. Stellite21 has several unique properties, such as creep-resistance and
mechanical strength at elevated temperatures, resistance to wear,
bio-compatibility, and corrosion resistance to body fluids. Stellite21 contains
low carbon content so that its hardness and wear resistance are relatively low
compared with other wear-resistant Stellite alloys. If its hardness and wear
resistance are improved, Stellite21 would be more useful than other Stellite
alloys in severe corrosive environments. The properties of Stellite2l surface

coating can be improved by the addition of the embedded hard materials.
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5.2 Specimen fabrication and microstructure analysis method

5.2.1 Specimen fabrication

The chemical compositions of Stellite21 powders are given in Table 3-1. It
is used to fabricate the hardfacing layer. Direct metal deposition technology is
adopted to create the hardfacing layers. In order to minimize the thermal
stress, thermal stress control layer is deposited firstly on the substrate, then a
Stellite21 coating is deposited on the thermal stress control layer. Afterwards,
the deposited samples are heat treatment, because residual stress is left in
the internal of deposited region during the deposition of the Stellite2]l alloy.
Thermal stress treatment can eliminate the internal residual stress. Because
the surface of deposited layer is too crude, the surface layer and the near
surface region will generate large number of defect during the depositon
process, so the surface of the tool must polished to remove the defect
concentration area. Figure 5-1 shows the deposition process of the tool. The
designed tool is used to produce axles. After forging 10,000 times, the
Stellite21 layer of the specimen is investigated. In addition, a new Stellite2l
layer is also fabricated using the same deposition process and studied for

comparison.
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Fig. 5-1 Deposition process of hot forging die

5.2.2 Microstructure analysis method

The top layer of specimen is studied. The harden layer is cut down from
specimen, the cutting part is inlaid and polished. The specimen surfaces are
ground with papers of 600 to 1500 grit and polished with abrasive cloth plus
1 mm alumina powder. Figure 5-2 shows the polished specimen, the left side
is cut from the die after 10000 shots, the right side is the only deposited
sample. Two samples are prepared for each type of specimen, one for
hardness testing and the other for microstructure observation. The surface
corrosion solution of the sample is the solution mixture of 15 mL HNOs; 15
mL acetic acid, 60 mL HCI, and 15 mL HyO. The hardness of samples are
tested by the microhardness tester. The etched samples are observed under

the optical microscope. The microstructure analyses of the specimens are
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carried out on a TESCAN MIRA3 scanning electron microscope (SEM) with
energy dispersive X-ray (EDX) spectrum. The phases present in the

specimens are examined with an X-ray technique, using Cu K_radiation.

(a) specimen after productions
of 10000 parts

(b) only deposition specimen

Fig. 5-2 Polished specimen

5.3 Test results and discussion

5.3.1 Comparison of experimental results

In the forging process, hot forging die generally need to experience the
effects of high temperature and high pressure, which is a huge test for the
abrasive tools. Figure 5-3 shows the wear of a conventional abrasive tool.
Figure 5-3 (a) shows the wear after 5,000 operations. It is seen from the
figure that most of the convex part of die has been worn off, and the
convex top has been flattened. Figure 5-3 (b) shows the abrasive wear after
working 10,000 times, it can be seen from the figure that the convex part is

almost flat and the abrasive tool is completely scrapped. According to the
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actual wear condition of the abrasive tool, it is completely consistent with the
simulation of the 3D-DEFORM software. The largest part of the wear is in
the convex part, and the flat part of the upper surface has little wear.
Therefore, we only hardened the raised part. Figure 5-4 shows the surface
wear condition of designed die, this abrasive tool has been forged 10000
times. From the figure, it is seen that the hardened convex portion hardly
shows wear and can maintain its original shape. However, after many times of
high temperature and high pressure, the internal microstructure of the

hardened layer material and its performance will inevitably change.

(a) after production of 5000 parts (b) after production of 10000 parts

Fig. 5-3 Surface wear of conventional die
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Fig. 5-4 Surface wear of designed die after production of 10000 parts

In order to make the wear condition of the abrasive tool more specific, the
contour of the hot forged abrasive tool after service is drawn. Figure 5-5
shows a comparison of the contours of the hot forging die. The outermost
black line is the outline of the designed abrasive tool after forging 10,000
times. The outline of the tool is almost the same as the original contour line.
A part of a surface that is connected to a convex part has a certain a mount
of wear. The orange outline is the result of a conventional abrasive tool
working 5,000 times. The top of the abrasive tool has some wear on the top,
and the top is flat. There is almost no wear in the place where surface that
is connected to a convex part. The blue outline is the result of 10,000 cycles

of the conventional abrasive tool. The raised part is almost flat, and there is
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also greater wear in the area where surface that is connected to a convex
part.

Figure 5-6 shows the influence of the forged times on the depth of groove

of the designed and traditional die"*.

The red line is represented the
evaluation line of the wear depth of traditional abrasives with the change of
the forging times. From the figure, the wear depth can be increased with the
forging time. The wear depth grows exponentially, which is mainly due to the
fact that as the number of forgings increases, top surface of the raised part
is ground into a plane, the pressure will increase, the mechanical heat and
the friction coefficient will also increase, in addition, the strength of die will
decrease with temperature increasing. Therefore, abrasive wear will become
faster and faster based on the Archard equation. The blue line is represented
the evaluation line of the wear depth of designed abrasives with the change
of the forging times. It can be seen that wear rate of the die increases
linearly, it is more slowly than the traditional abrasive. This is mainly due to
the hardness of Stellite2l can keep a high hardness at elevated temperature
and the reduced friction coefficient. According to the precise manufacturing
requirements of the axle, the wear depth of the abrasive tool cannot be
allowed more than 0.5 mm. The conventional die can only use about 3180
times according to requirements, however the designed die can have a service
life of about 22,850 times. Therefore, the use of a designed die can greatly

extend the life of the abrasive tool.
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Fig. 5-5 Comparison of contour of hot forging die'¥
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Fig. 5-6 Influence of the forged times on the depth of groove'*
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5.3.2 Fatigue crack analysis

Hot forging die during service has to experience multiple temperature
cycles, stress cycles and mechanical friction, the surface of die is prone to
fatigue cracks. Figure 5-7 shows the macroscopic morphology of the
cross-section of the specimen after 10000 forgings. It can be seen from the
figure that there are many cracks on the surface of specimen. The cracks
should be formed by both mechanical stress and thermal stress, and all of the
cracks almost appear on the top and right side of the convex part. This
shows that the top and the right side of the specimen experienced higher

thermal stress and mechanical stress.

Fig. 5-7 Macro-morphology of the sample section

In order to better understand the cause of crack formation, forging process
of axle shaft is simulated by 2D-DEFORM software. According to simulation
results, it is investigated the specific conditions of forging die in the forging
process, as well as the causes of cracks in the region 2 and 3 and no cracks
in the region 1. Figure 5-8 shows the distribution of the surface temperature
and the principal strain of the forging die during the forging process. It can

be seen that the maximum principal strain and the maximum temperature
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occur simultaneously at the top right of the hot forging tool. The highest
temperature is found in the area 3, followed by the area 2 place, and area 1
is relatively minimal. The higher the temperature, the lower the hardness of
the material, the greater the deformation occurs under the mechanical

loading.

Figure 5-9 shows the change of temperature with time during the forging
process. After three points of measurement, it is found that the temperature
change at point 3 is the fastest, point 2 follows, and point 1 is the smallest.
Therefore, there are a large number of cracks in areas 2 and 3, since the
highest temperature and the fastest change occur here, it causes the fatigue

of the material, resulting in thermal fatigue cracks.

Temperature (C)
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(a) Maximum temperature distribution
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Fig. 5-8 Simulation results of hot forging die
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Fig. 5-9 Three-point time-temperature curve on the surface of die
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Figure 5-10 shows the microstructure of the three regions at the top of the
hardened layer (the three regions are shown in Figure 5-7). It can be seen
from the figure that a large number of black microstructures are formed on
the grain boundaries. These black structures should be the precipitated
carbide, a small amount of carbon atoms and alloy atoms (Cr, Mo, etc.) in the
Stellite21 superalloy can form carbide during the forging process. When these
hard and brittle carbides are joined together, fatigue cracks are easily
generated under the dual effects of mechanical stress and thermal stress. It is
seen that the distribution of black carbides are relatively disordered and there
is almost no large black line (see Fig. 5-10(a)). From Figures 5-10(b) and (o),
it can be seen that the surface of the Stellite2l has a lot of black lines,
especially the picture c, which will form early cracks. This is also the reason
why a large number of cracks are formed in the regions 2 and 3 in Figure
5-7.

(a) Microstructure of zone 1
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(c) Microstructure of zone 3

Fig. 5-10 Surface microstructure of die
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5.3.3 Evolution of hardness of Stellite2]1 before and after service

Hot forging die will undergo a series of complicated changes during the
forging process. The die will be subjected to compressive stress, thermal
stress, corrosion and oxidation, and the microstructure and properties of the
die materials will change after service. Figure 5-11 shows Comparison of
microhardness of specimens before and after service. From this figure, the
hardness of Stellite2l after service is greater than that before service,
especially on the surface of the hot forging die. After the service, the
surface hardness reaches 580 HV, while it is only 440 HV before service. This
shows that the microstructure of the Stellite21 has changed during the forging

process, resulting in increased hardness.

600 |
A —&— center line{after service)
550 —&—specimenibefore service)
' StelliteZ 1
S
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sy ' TSCL
73y _/A\
W <
A A g
g i & ’__t-‘ -
- 450 - T = .,
|
M
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.\
\ e
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350 .
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0 0.5 1 1.5 2 2.5 3
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Fig. 5-11 Comparison of microhardness of specimens before and after service
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5.3.4 Evolution of microstructure of Stellite21 after service

Figure 5-12 shows scanning electron microscope microstructure of
Stellite2]1 before service. Two types of microstructure can be seen in
the figure, one is a white carbide structure that is interconnected into
a network, and the other is a gray-black cobalt-based solid solution
structure that is filled in a white network. This is because carbide
formed in welding process can not dissolves in cobalt-based solid
solution, during Stellite21 stacked material natural solidification, carbides
are ejected to the grain boundary, these carbides are uniformly and

continuously distributed.

SEM HV; 15.0 kV WD: 8.77 mm MIRA3 TESCAN
SEM MAG: 10.0 kx Det SE KMU)

Fig. 5-12 Scanning electron microscope microstructure of Stellite21 before

service
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Figure 5-13 shows scanning electron microscope microstructure of Stellite21
after service. Figure 5-13 (a) shows microstructure of surface layer of
Stellite21. Figure 5-13 (b) shows microstructure of internal layer of Stellite2l.
It is shown that the amount of white carbide increases obviously in Stellite21
alloy after forging, and the continuous network is broken partially. This is
because the temperature of forging die increases during the forging process.
The inside of hardened layer material Stellite2l will have a carbide
precipitated. The formation of carbides causes the increase of hardness, and
at the same time, the temperature of die rapidly decreases after the forging
process. This may lead to the aggregation of carbides, so that there is a
discontinuity in the continuous network structure. Comparison of Figure
5-13(a) and (b), it is seen that the surface of the Stellite21 forms more white
carbides than internal, and the distribution of carbides is more focused. So
that the surface hardness increase, but toughness decrease. It may be leads
to form fatigue cracks during hot forging process. Comparison of Figure 5-12
and 5-13, it is shown that carbide formation in Stellite2l after service is
much more than that before service, so the hardness of Stellite2]l after

service is higher than that before service.
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(b) Microstructure of internal layer of Stellite21

Fig. 5-13 Scanning electron microscope microstructure of Stellite21 after

service
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Figure 5-14 shows the chemical composition and energy spectrum of the
special tissue in the Stellite21 hardened layer produced by laser cladding.
From the figure 5-14(a), the white line microstructure (point 1 in Figure
5-13(a) ) contains more carbon, chromium, molybdenum and cobalt. This is an
often formed MyC compound in the Stellite2l alloy. This carbide formation
can increase the hardness of the Stellite2l, so when the Stellite21 undergoes
forging service, a large amount of MyC compound is internally produced,
making the Stellite2l harder, especially the surface®™. The black
microstructure (point 2 in Figure 5-13(a) ) in the figure 5-14(b) contains a

large amount of cobalt and chromium, so this material is a cobalt-based solid

solution.
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(b) Point 2

Fig. 5-14 Chemical composition of special spots and their energy spectrum

diagram

XRD patterns of Stellite21 before and after service have been shown in
Figure 5-15. This figure shows that Stellite2l before service includes 7y -Co
(fcc) phase with <001> and ¢ -Co (hcp) phase with <0001> ; however,
Stellite21 after service on only includes y-Co (fcc) phase with <001> and
¢ -Co (hcp) phase with <0001>, but also includes e -Co (hcp) phase with
<1011>. According to the peak value, the forged Stellite2l contains more

¢ -Co (hcp) phases. Since the e-Co (hcp) phase does not increase the
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hardness of the Stellite21, it can also reduce its friction coefficient, so the

Stellite21 can have a better wear resistancet®®!,

e Sample after service
<0001> hep
Z1011> Sample before service
fce
<100>

Relative intensity

-.‘.J .Ll.l.-.-.l‘;ﬁl...i—_l

40 45 50 55
2-theta (degree)

Fig. 5-15 XRD patterns of Stellite21 before and after service
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Chapter 6 Conclusion

In this study, the surface hardening of hot forging die for automobile axles
is researched, and the service life of hot forging die is extended by
increasing the surface strength and wear resistance. The finite element
method is used to predict the wear part of hot forging die and the hardened
layer to be designed. Also the thermal stress between the hardness layer and
the base layer are studied. To control thermal stress between the deposited
region and the base metal for hot forging of axle, the TSCL is designed and
analyzed sing numerical analysis methods. The numerical simulation results
demonstrate that the thermal stress between the deposited region and the
base metal is effectively controlled by changing the TSCL thickness and
mixing ratio. Finally, Stellite2l alloy is studied. The microstructure and
properties are investigated before and after forging. The following are

conclusions :

(1) 3D-deform software is used to analyze the interfacial stress, interface
temperature and slip speed of the abrasive tool, the maximum wear depth
and position of the abrasive tool is simulated, and the hardened layer

according to the simulation results is designed.

(2) TSCL thickness and composition have different effects on the size of
thermal stress. When the thickness of the TSCL is increased and the
composition of the TSCL is constant, the deviation of maximum principal
stress is decreased. However, when the thickness of the TSCL reaches 2
mm, the deviation of principal strain is very high. When the Stellite21
volume ratio of the TSCL is increased while maintaining the thickness of
the TSCL, the deviation of principal stress is decreased on the interface
between the hardfacing layer and TSCL; but it is increased on the

interface between the TSCL and the substructure.
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(3) Taking into account the deviation of maximum principal stress and strain
at the interface of the TSCL, a TSCL with thickness of 1.5 mm and the
50% Stellite2]1 mixing ratio is the optimal design of deposition using the 3D

printing technique.

(4) The hardened layer will experience fatigue cracking when it undergoes
multiple thermal cycling and mechanical stresses. The formation of fatigue
crack cracks is caused by both internal and external causes of the
material. Continuous carbides are produced inside the material to provide
conditions for the formation of cracks, and the outside of the material is

subjected to continuous effects of thermal stress and mechanical stress.

(5) The hardness of Stellite2l increases after service, especially on the surface
of the material. This is mainly due to the formation of a large amount of
carbides inside the material after service, which increases the hardness of
the material, and a large amount of y -cobalt transforms into e -Co solid

solution under the action of strain.
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Outlook

After Stellite21 is used to strengthen the surface of the forging die of the
automobile axle, its service life has been significantly improved. However, the
process requires high precision, relatively complicated, and high cost. Secondly,
the surface of the uncured abrasive tool is still worn near the hardened zone.
Thirds, the fatigue cracks occurs on the surface of the Stellite2l after hot
forging. In view of the above questions, our next goal is to study these
issues. The specific method is as follows: (1) Improve manufacturing processes,
such as improve deposition efficiency while ensuring quality, etc; (2) Adjust
deposition region and TSCL to reduce wear and thermal stress; (3) Using the
new modified Stellite21 as harden materials, for example, add a small amount
of rare element Yttrium into Stellite21 to enhance the wear resistance of
Stellite21.
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