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THE INFLUENCE OF MICROSTRUCTURE ON THE STRENGTH AND TOUGHNESS et
AND THE FATIGUE CRACK PROPAGATION IN CrWMn STEELS

A

*
Litong Huang and Yunbo Chen
Peking Institute of Electrical Engineering,
Industry Dept. of Mechanical Engineering

ABSTRACT

~~In this paper, we describe the interrelation

between the microstructures of CrwWwMn high carbon steels
of cold punch dies and strength, fracture resistance
at static bending state, deflection and fracture tough-
ness after various heat treatments. The influence of
microstructures on the pregnant period of the fatigue crack
No and the fatigue crack growth rate da/dN is also
studied. Our experimental results show that after car-
bides refining pretreatment, the quenching and temper-
ing structures have maximum strength, the No increases
remarkably and t da/dN decreases at the low stress
intensity factorgii'?ange. After carbides refining pre-~
treatment, the isothermal quenching structures have the
best combination of strength and toughness if a mixed
martensite structure with 50% bainite is obtained. 1t
also can prolong the pregnant period of nucleation of
fatigue criiggifnd reduce da/dN at the midstream inten-
sity factor range.

Acco:-ding to the examination of fatigue fractures
by a scattering electron microscope, the fracture of a
conventional quenching and tempering structure with
coarse carbides is mainly intergranular It has low No
and high da/dAN. On the other hand, f6§ﬁg5
guenching structure after carbides refining pretreatment,

isothermal

its percentage of dimples in the fracture increases. It

i (] . 13 K3
Chinsen Chang and Faikung 7hu also participated in this
experiment.
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has high No and low da/dN. If the bainite is more
than 90%, its fracture will show the characteristic

of gquasicleavage and da/dN increases remarkably.
Therefore, it is obvious that No and da/dN are closely
related to the microfracture mechanism.

l. 1Introduction

High carbon low alloy steels have been used frequently in the
parts of bearings, rollers and cold punch dies. During operation,
they usually will fail because of fatigue fracture and brittle

fracture at the early stage. 1In order to best utilize metal mater
ials, different heat treating techniques should be employed for
different purposes of application. And the steel structure should
be controlled by adjusting variousoperational parameters such that
the best combination of strength and toughness can be obtained.
Finally, stress should be tolerated and the resistance to micro-
cracks and crack propagation should be increased. These are very
important for high carbon high strength steel in order to prevent
brittle fracture at an early stage and to prolong the fatigue life

time of the parts of various tools.

In the last decade a lot of research has been done to improve
the properties of high carbon steels. C. A. Stikels [1] first pro-
posed the techniques of carbide refining and ultrafining for bearing
steel. The influence of carbide refining on the properties of high
carbon steel wus further described in [2-4]. Experiments showed
that carbide refining could increase the hardness, the contact
fatigue resistance and the wear resistance of steels remarkably.
However, it had a bad effect on fracture toughness, impact toughness
arid ductility. Since hiqh carboncold punch dies and moving
and loading parts usually sustain larger impact loading and are
operated under high stress, how to increase strength and toughness

simultaneously is an urgent problem needing to be solved.

Recently, from the studies of mixed structures of bainite and

martensite, it was discovered that if a sufficient amount of
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bainite is added to the high strength martensite matrix, this
structure not only has high strength, but its ductility and frac-
ture toughness also increase remarkably [5-7]. However, the effect
of the microstructure on the strength and toughness and the forma-
tion and propagation of fatigue cracks is still seldom studied.

The study of those materials with high carbon, high strength and
high brittleness is even less promising due to the difficulty of
manufacturing and assembling these materials.

In this paper we use high carbon CrWMn steel as material. By
employing different techniques of heat treatment, various sizes
and distributions of carbide grains as well as various percentages
of bainite on the martensite matrix can be obtained. Based on
these, we will study the effect of the microstructure on the strength
and toughness, the initiation of fatigue cracks, and the growth

rate of fatigque cracks.

II. Technigues of heat treatment and experimental methods

The chemical composition of our high carbon CrWMn steel is:
0.93¢ C, 0.62 % Cr, 0.78% W and 1.17% Mn. The initial structure
after pretreating by conventional spheroidization and solid-dissolve-
refining spheroidization, is quenched, tempered and then isother-
mally guenched with various time durations. The heat treating tech-
niques and microstructure are listed in Table 1, Except for con-
ventional spheroidization, all the specimens are heat treated in

the medium and high temperature furnace.

The specimens are tensed by ¢ 6x80 mm collet. By using a
tension meter and from the measured tensile curve, °p and 0g.p Can
be obtained. The fracture locad of the notch at static bending
state Py and the deflection f can be obtained from the loading-
deflection curve which is determined by static bending experiments.
The dimension of the specimen above is 10x10 mm with thickness of
50 mm, and the radius of notch r is 0.1 mm. The fracture toughness

is determined from the 10x20x100 mm specimen with a three points
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bend, and the data are the average of three specimens.

The formation

and propagation of fatigue cracks are investigated on the 10x10x60

mm specimen with a notch (radius of notch is 0.1 mm).

All the

experiments above are done by an Instron-1255 testing machine under

static and dynamic states.

The dimensions of carbide and the bainite after special etch-

ing are examined by a QT-720 photographic analyzer.

The fracture

facet of the specimen with fracture toughness and the fracture facet

of the specimen with growing fatigue cracks are inspected by an

X-650 scattering electron microscope (SEM).
logies are taken under various ranges of stress intensity factor K.

Their fracture morpho-

Table 1. Heat treating techniquers and structure

Technique Pretreatment Final heat treatment
inA
index No. Techrique S+ructure Technique Structure
HR Skl IR A S bl & - s
Ia Sphernifi~elCoarese r;360‘C nil Temperinz martensite
annealed carbifee |guenched, 250°C
820°C ¥ 2h ;0.9-~1,5um|tempering i
T T 7 —» 700°C ° > ) N
Ib X 5h RA0°C, 260°C '850% bainite +
et e e g 200EMMAL L h mertencite
11, co0lid- | fine R60°C, 260°C 207 bainite +
Aiececolve- carbides [icothermal ‘martencite
' refining uniform {20 min.
cspheroidi- ;dictribu- ‘ ¢ P . s
Iy | -ation tion 0.5 |§60 C, 260°C 507 bainite ¢
—_— IOSOOCXO-S ~0.7 um 1€ ﬁ:m(,:__.“_,_, martPnFlte
IIc p, 300¢C §60°C, 260°C Q0% bainite +
- | irothermal iccthermal 3 h martencite
0.5n,800°C wr ) . S
11, x1h air B60°C oil .. tempering martencite
cool + 700 %uenghga, 250 Cl
°Cx b h empering i
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Figures la-1f are the metallographs of the specimen after
various heat treatments. The initial structure of high carbon

'
'l
.

CrWMn steel pretreated by conventional spheroidized annealing has

carbide about 0.9-1.5 pm after 860°C guenching (see Figures la-1lb).
If it is pretreated by solid-dissolve-refining spheroidization and

later treated by 860°C quenching, then it has uniformly distributed
carbides with size of 0.6 pym as shown in Figure 1f.

Figures lc-~le are the metallographs of specimens which are iﬂgi
pretreated by refining spheroidization and then isothermal quenching . )
under different time durations and havingdifferent percentages of )
bainite. When the percentage of bainite is less than 29%, needle-
like shapes will show up individually on the surface as shown in

i Figure lc. When bainite is 50%, its structure has a bush-like dis-~ .
tribution (see Figure 1ld). 1If the isothermal time increases to 3 h, .

g the bainite will increase to 90% (see Figure le).

I 2. Experimental results and analysis of mechanical properties

The testing data of tension and static bending are listed in

Table 2 and shown in Figures 2 and 3.

As shown in Table 2, the structure of refining spheroidization
and low temperature tempering has maximum strength (technique I1d).
Its oy is 25% more than that of technique Ia, but its ductility »iiiﬁ
(bending resistance, deflection, etc.) and fracture toughness ch
remain the same. This is consistent with W, C. Luty's result of
52100 bearing steel and our results of GCrl5 steel and rolled

steel [2,4,7).
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Fig. 1 Microgtructures obtained by various techniques of heat
treatment x 800. a)technique Is, b)technique 1b, c)
technique 1Ila, d)technique IIb, e)technique Ilc, I£)
. technique 11d.
. .
Table 2 Mechanical properties of structures under varioug hest .
treatments "
Technique Harﬂnosﬁg Ultimate | Ultimate |{Fracture \Teflection Fracture
i irn“ex No, (YR5) strength | yield load at | f touchnsee
\ \ o ! sus , |etatic (mm) K.
l ¢ (Kgf/mm”); (Kgf/mm“) venfing : .
) | 1 ctate ! (Kt S )
| | | ety | | mm >
I T I
) 1, AT, T i 192.A ( 159.8 bLs 0.165 * 62.5
- ____" — - . -_ . . . - e mem— T
3, ! £0.0 | 206.2 { 162.5 | £90 0.172 | 67.3
_ . P . i =1 fe
Ha | 61.5 '211.5  188.9 | 691 | 0.182 \03.6
) — | ! ‘
) 11y, [ bi.5 [ 219.6  198.57 ! 710 | 0.192 L7y 2
- h4|7 l. ! 1 T \ <. :'
, A ] ) i N T
I11a 1 61.5 [?%6 L 218.7 ipLR Lo 165 63,3
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Figure 2 shows the relation between the percentage of bainite
and the hardness as well as the strength after the treatments of

refining spheroidization and isothermal quenching with different

time durations. As shown in Figure 2, the strength of martensite

. (M) decreases with increasing percentage of bainite (B). This is

l because M and B have different strength in their mixed structure.
During transformation there exists an inhomogeneous strain such that
the strength of the mixed structure is lower than that predicted by

: the mixing rule [6]. For high strength material, however, if a

I sufficient amount of bainite (in this paper it is 50% for high

carbon CrWMp steel) is added to the martensite matrix, its fracture

loading at static bending state Py, deflection f and fracture tough-

ness ch will reach maximum values. This structure thus has a

better combination of strength and toughness (see Figure 3).

L

3. The influence of microstructure, strength and toughness on

the formation and propagation of fatique cracks.

; To have better fatigue strength, the bulk material without

a cracks at the initial condition is usually used. The fatigue fracture
can be determined from the strength. The higher the strength, the
higher the ultimate fatigue. 1In fact, there always exist some

. defects, impurities and microfractures inside the tool parts. The
microstructures of high strencth and high brittleness materials
obviously have some effects on their strength and toughness, and

. the formation and propagation of fatigue cracks.

5 The fracture of materials (including fatigue fracture) has

" three stages: birth of cracks, crack propagation and fracture.
According to experiments, the crack's pregnant period No not only

i depends on the stress condition and stress level, but also strongly

- depends on the material's microstructure and properties. The

growth rate da/dN of fatigue cracks is high for high strength
materials. No has the largest percentage in total fatigue life Ng.

- It is thus very important to study the effect of the microstructure
and the strength and toughness of high carbon high strength materials

on N .
o)

L% e N
----------
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(1) Pregnant period N, of fatigue cracks: The stress cycle fk{
period of fatigue cracks before a 0.1-0.2 mm crack appears is called ax
either the conditional life without crack No. 1 or the pregnant NN
period of the crack’'s birth N0 20 depending on different testing ﬁi
machines and methods. The No values of various heat treating struc- .ﬁ:

tures are listed in Table 3.

It is shown in Table 3 that: (1) the N° value of guenching,
tempering or isothermal quenching structures pretreated by refining
spheroidization is much higher than that pretreated by conventional e
spheroidization. Carbide refining and uniform distribution of

carbides can increase the fatigue crack's pregnant period No remark-~

ably. (2) N, is controlled by the microstructure and the strength

and toughness of materials. The quenching and tempering structure -
(technique IId) with fine carbides, which has the highest strength, e
and the martensite structure mixed with 50% bainite (pretreated by fﬁ;
carbide refining and treated by isothermal guenching, technigue .q?
IIb), which has the best combination of strength and toughness, have N
the highest No values. (3) The No value of the quenching and temper- A
ing structure pretreated by conventional spheroidization is compar-
able to the N° value of the isothermal guenching structure pre-~ if:

treated by conventional spheroidization. This implies that when

the carbide grain is coarse and not uniformly distributed, bainite e

’
o -

has little effect on No.

».“'r sl

L ot e R 2 e 4
N
*

(2) Growth rate da/dN of fatigue cracks: fracture mechanics e
is employed to study the influence of microstructure on the fatigue -

—y

crack propagation under various heat treatments. By using a com-

-

puter, the measured crack propagating length a and its correspond-

value AKth and the crack growth rate da/dN of high carbon steel

h

® ing cycling number N can be fitted into a formula by the least

A

: square method. The formula of Paris da/dN = c (AK)™ is used here T
= and also plotted in the figure. o
b. Figure 4 is the da/dN - AK curves under various heat treat-

Lf ments. After the carbide refining treatment, the fatigue threshold -
o '

N

o can be reduced remarkably.
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Table 3. The pregnant period

*
N0 of fatigue cracks c¢f variour heat

250°C tomperxng 'fine carb1de=

= 330 Kg/ 150 Kg

* loading system ie Pm

ax/ P

min

- . treating structures
- Technlaue'Technlque of Microstructure |Firet Pregnant
o index No.|heat treatment cbeerve” ! period of
| crack's | cragk N
. | length x10
< (mm)
[ - Ia | conventioal Tempering
) “spheroidiration |martencite , .
L ' 860°C quenching, |structure with .7 :
1 250°C tempering |coarse carbides ! - -
" 1
e Ib {conventional Martencite _ - —_
» cpheroidi-ation |structure with ,
- .860°C isothermal}50% bainite and -2 | s
N {quenching 1 h coarce carbides ‘ 1 _
IIa 'Refining Martencsite j —_
: cpheroidiration |structure with ..l i .
- 18£0°C isothermal!29% bainite and e 10
: _ ‘quenching 20 min{fine carbides - —
IIb Refining Martencite - ' N
‘spheroidiration 'structure with | 020
86C“C irothermal;50% bainite ané , - .5
i 'quenching 1 h lflne carbides | b
I1, !Refining ‘Martencite : -
epher01d1 ation tetructure with
860 C ieothermal 90% bainite and 0.17 30.0
'querching 3 h fine cartides ; i -
II, Refining rempering . T T T
spheroici-ation |mart9n=ite . —
862°C quenching 4=tructure with .23 8.5
}
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Figure 5 shows the crack's growth rate at various AK vs. the ié;
percentage of bainite after the carbide refining treatment. As
shown in the figure, at low stress intensity factor AK range (AK o
= 36 Kgf/mm3/2) which is close to threshold value, the growth :%:
rate of fatigue cracks is low for those carbide refined guenching

A
S W UV SR S Y B

. and tempering structures which have the highest strength. This is
» consistent with the observation of their high No value (see Table

G% 3). @a/dN increases sharply with increasing AK due to higher m T
value. When AK > 40 Kgf/mm3/2, the mixed structure with 50% of ;515
bainite has the minimum value of da/dN. This is related to the

increase of fracture toughness and ductility.

. 4., Effect of microstructure on the fracture morphology of
? fatigue specimens

The fracture surface of a fatigue specimen is placed perpendi-
cular to the optical axis of the SEM and is examined continuously
r along the propagating direction of its crack. Figure 6 shows the
morphology of the initial area of a fatigue crack around the crack
notch. Under the effect of stress, the initial propagating crack
of the fatigue crack has some certain angle with respect to the
fracture surface. For the quenching and isothermal guenching struc-
ture pretreated by conventional spheriodization, the crack path at
the root of the crack notch has cleavage facets and is transgranular
as shown in Figure 6a. For the fracture of those carbide refining
quenching, tempering and isothermal guenching structures, cleavage

and transgranvlar fracture are reduced remarkably. The fracture
mechanism is mainly of microvoid coalescence (see Figures 6b-6c).

) For the M/B mixed structure, some twisted strips consisting of
‘~ small dimples show up at the crack's propagating path and at the RLC

|

v
s

top of the specimen (see Figure 6d).

et

v e .
LA A

- Figure 7 shows the fracture morphology of the fatigue crack

vy
N
‘ {1_{-"‘ ’

’ l’ i'l

A

propagation under a medium stress intensity factor range, AK = 40

~50 Kgf/mm3/2. For the quenching and tempering structure with
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36 Kgf/mm*®). (The white strip
ie the initial fatigue crack)

at the area of initial fatigue
at the area of initial fatigue
at the area of initial fatigue
arca of initi=1 fatigue crack,
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Fig.6 The SEM morvhology of fracture curface at the area cf initial fatigue
crack around the crack notch for various heat treatineg structures (4K =

which hars some angle with rerpect to fracture
(a) Technique inder I_, fracture marphologw
crack, x 1500; (b) Tefhnigue II,, m-rpholocgy
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Fig.? The fracture morpholo of groving fatigue at 4K=U0~ 50 Kgf/mm'“after
various heat treatmentec. (a) Technique I_ (tempering martencite structure e
treated by woarrce carbide quenching and Iow temperature tempering); (b) <
Technique II, (temperirg martencite structure treated by carbide refining);
(c) Technique I, (martensite ctructure mixed with 50% bainite and treates
by carbide rofin?ng

an” treated by carbide refining).
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conventional spheroidization, its fracture facet is mainly inter-
granular and has a small amount of dimples as shown in Figqure 7a.
For the quenching and tempering structure with carbide refining,
its fracture facet has small dimples and small cleavaqge facets
(see Figure 7b). For the mixed structure with 50% of bainite, its
fracture facet has the highest percentage of dimples (see Figure
7c). This is consistent with the observation that it has a low
crack growth rate. When the percentage of bainite increases to
90%, its fracture facet changes from the mixture of small dimples
and quasicleavage to quasicleavage facets as shown in Figure 7d.
In this case, a high crack growth rate will appear again as shown
in Figures 4 and 5. This microfracture mechanism can be used to
explain why the CrWMn steel in [8] after isothermal quenching time
exceeding 1 h (B > 50%), has lower toughness and ductility and a
much shorter life time.

IV. Discussion

1. The effect of carbide of high carbon steel on strength and
toughness, and pregnant period of fatigue crack No:

The carbide in high carbon steel remains in the steel as a
brittle second phase and becomes the nucleation of cleavage frac-
tures, On the other hand, the size and number of carbides have
direct effect on the movement of dislocation, and thus increase
the material's ductile resistance and then its strength. During
the carbide refining process in high carbon steel, the austenite
also can be refined such that the strength and toughness of the
steel can be enhanced. Therefore, the effect of carbide on the
strength and toughness of high carbon steel is very complicated.

The coarse carbide (D > 1 uym) in high carbon steel usually
is the origin of cracks [9). Especially when the carbides dis-
tribute along the crystal boundary, the material will have strong
brittleness. For high carbon CrWwMn steel heat treated by conven-
tional spheroidized quenching, its carbides tend to have network
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distribution and larger grain size [8]. The fatique fracture
facet is mainly transgranular and the fracture mechanism is due

to microvoid coalescence as shown in Figure 7a. From the Auger
energy spectrum, Krauss, et al., showed that the transgranular
fracture in high carbon steel is caused by the clusters of carbon
and phosphorus existing along the crystal boundary. The bigger
the grain size, the easier the transgranular fracture [10). After
the quenching, tempering or isothermal guenching structure pre-
treated by conventional spheroidization is etched by heavy potass-
ium sulphuric acid and is examined by SEM, the carbide impurities
are found distributed along the crystal boundary as shown in
Figure 8a. This is consistent with the SEM observation that the
fatigue fracture is mainly transgranular (see Figure 7a).

Under transformation stress, the coarse carbide on the surface
will separate from the base body and cause the formation of fatigue
cracks. The bigger the carbide, the more intense the stress. The
separation from the base body and the formation of cracks are thus
easier [9] and the pregnant period of fatigue cracks becomes
shorter. The carbide second phase structure has larger grain size

and has carbide clusters along the crystal boundary. After the

crack is formed, the crack under transformation stress will propa-
gate rapidly along the path of the crystal boundary which has
lowest energy consumption. 1In this case, the crack growth rate
da/dN is high as shown in techniques Ia and I, of Figure 4.

The quenching and tempering structure with refining spheroid-
ization has a uniform distribution of carbide instead of a network

distribution as shown in Figure 8b. The crystal grain can be 'j_,i
refined to the 1lth degree as shown in Figure 8. Both the carbide p
refining and crystal grain refining can enhance its strength

remarkably. However, its fracture toughness and ductility are

almost the same as those of guenching and tempering structures

with conventional spheroidization. This is because the mean carbide Yo
spacing decreases with increasing the carbide refining and its
number. In other words, the ductile, transformable area before a




fracture occurs will decrease such that ductility is reduced.
i This will cancel out the increase of ductility caused by crystal
grain refining. The carbide refining structure by quenching and
tempering is mainly used for improving its strength. This can
thus be used to increase contact fatigue and wear resistance [2].
i - Carbide refining can remarkably reduce the number of large grains
which is the origin of cracks. This will make the yield strength
stronger, ductile transformation more difficult and cracks harder
» to be formed [11]. The pregnant period No of fatigue cracks thus
l becomes longer, and the ratio of life time without cracks to total

- life time will increase.

2. The strength and toughness and fatigue properties of martensite
and bainite mixed structures

Since cracks propagate mainly inside the base body, the mech-
anical parameters and structure characteristics of the base body
: will strongly affect the propagating path of cracks and the frac-
Fi ture mechanism. From the inspection of fatigque fracture facets,
the number of dimples in the fracture facet of an isothermal
< quenching structure pretreated by conventional spheroidization is
» higher than that of a guenching and tempering structure. For an
Il M/B mixed structure pretreated by refining spheroidization, its
intergranular fracture is reduced largely and the number of dimples
increases remarkably. When the percentage of bainite reaches 50%,
intergranular fractures almost disappear. A microvoid can be
2 easily seen on the crack tip in this M/B mixed structure as shown
in Figure 6c-d. Since the bainite structure has better ductility,
it can relieve the three-~way stress on the fatique tip effectively
| through ductile transformation. Therefore, it can shift the frac-
< - ture mechanism from intergranular brittle fracture to microvoid
- fracture. This will reduce the crack growth rate remarkably (see
g Figure 4, Techniques 11, and IIb). The experimental results also
e show that a 50% bainite structure has the minimum value of da/dN
) as AK is increasing (see Figure 5). But if bainite increases to
90%, fracture facets will show the characteristic of gquasicleavage
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(see Figure 7d). In this case, the ductility and fracture tough-
ness decrease, and the crack growth rate da/dN increases to the
level of conventional spheroidized structures (see Figure 4 tech-
nique II_ ).

If the M/B mixed structure has the proper combination during
isothermal quenching, the initial bainite will cut off those aus-
tenite grains such that the size of martensite which is formed later
becomes smaller. The fracture element decreases markedly compared to
the entire martensite structure or the entire bainite structure, as

| shown in Figs., 7a, c¢. Since the crack will deflect when it passes
the M/B phase boundary, the expansion energy for the crack to pass
over the phase boundary of the M/B mixed structure increases. This
will increase the value of K). and reduce the crack's growth rate.

V. Conclusion

1. The guenching and tempering structure of high carbon low

i alloy steel which is pretreated by carbide refining has fine and
uniformly distributed carbides. 1Its crystal grain can be refined
to the 11th degree. Comparing with the guenching and tempering
structure pretreated by conventional sphercidization, this has

. higher strength and hardness, and has similar ch and ductility.
Its pregnant period No of fatigue cracks is much longer. At low
AK, its growth rate of fatigue cracks is low. But as AK increases,
da/dN increases sharply, and the m value is high. This heat treat-
ment is mainly used for the enhancement of strength. It is better
to apply this treatment to those parts which are operated under
low impact loading and high cycle fatigue such that their contact

fatigue and wear resistance can be improved.

2. After carbide refining pretreatment, the mixed structure
with 50% bainite has higher strength, Kier and ductility, and
longer pregnant period No of fatigue cracks than those of conven-
tional guenching, tempering and isothermal quenching structures.
At higher AK, it has the lowest growth rate of fatigue cracks.
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This treatment is good for the enhancement of strength and tough-

ness and is better applied to those parts which are operated under
high AK.

3. The fracture facet of fatigue cracks shows some character-

- istics under examination. For high carbon CrWMn steel of cold
punch dies with coarse carbide, its fracture is mainly intergran-
ular and has a small amount of microvoid coalescence. For M/B
mixed structures after carbide refining, the fatigue fracture is
mainly through small dimples with a small amount of gquasicleavage.
If the percentage of bainite increases to 90%, the fatigue frac-
ture is mainly through quasicleavage. It is obvious that the
formation and growth rate of fatigue cracks have a close relation-
ship with the microfracture mechanism.
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