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ABSTRACT

Thermal fatigue 1s a form of surface fallure produced
by repeated thermal stresses and is the main cause of die
retirement in the dle casting industry. A general review
of the fundamental and practical aspects of thermal fatligue
as encountered in the dies, based on earlier published work,
is given and preliminsary experiments in an effort to set up
a sultable method of testing to study this phenomenon are
then described,.

In the present technligque developed to create the
thermal condltions experienced by a die steel in aluminum
die casting, 2 small portion of one face of a cylindriecal
test-piece 1s intermittantly heated by H.F. induction whilst
the main body of the test-plece 1s kept at a lower temperature
by means of & copper Jlg. Alr under pressure 1s used as a
cooling medium during the cooling part of the cycle. Thermal
Tfatlgue resistance of varlious dle steels and prospective dle
materials for aluminum dlie casting 1ls determined on the basis
of number of cycles for crack initilation, propagation,
frequency and severlty 5? cracking supported by graphs and
series of photographs, Photographic evidence presented gives
a detalled look into the mechanism of thermal fatigue.

Present investigations reveal that 18% nickel marsging
steel is the most suitable steel for aluminum die casting

dles, followed by H-21, H-13 and H-11l respectively.
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I. INTRODUCTION

The rapid modern technological developments taking
place throughout industry in the twentieth century have
consistently put pressure on dle casters to get increasing
length of r»uns and greater efficiency from every dle casting
machine, This demand for more rapid production can be
achlieved only by more drastic coolling of the dies coupled
with a longer dle life. Such severe conditions of fast
cyclic heating and cooling as encountered 1n a dle casting
die, result 1in a die fallure variously known as thermal
fatlgue, craze cracking or heat checking. Thus there 1s
presently an urgent need to carry out research work in the
area of thermal fatligue fallure of dle steels so as to get
the best possible die materials.

Thermal fatigue 1s defined as "Fracture resulting from
the presence of temperature gradients which vary with time
in such a manner as to produce cyclic stresses in a
structure“(l) It is the most frequent mode of faillure
encountered in die casting diesmalthongh mechanical erosion
and chemlical attack also contribute to the degradation of
dies to some extent, In die casting, die pressures are not
as high as in forging, so research 1s malnly concerned with
the factors which influence the dle materials' resistance
to thermal stress for a given alloy and die temperature,

The important die material properties are those that limit






service conditions encountered in die casting dies fairly
closely over a wide controlled range of temperature, The
procedure adopted takes a relatively short time to test a
gilven dle steel and the test conditlons are uniform and
reproducible., The steels selected are mainly those which
are of interest to aluminum die casting industry. The
author's interest in this project developed from over two

years of industrial experience with aluminum dle casting

problens,









Fig. 1.(5) BEach half of the cycle is portrayed by three
schematic drawings. Drawilngs la through lc¢ show the
effect of increased surface temperature on the stress
and strain distribution from the surface to the 1lnterlior
of the dile material. And drawlings 14 through 1f
1llustrate the subsequent stress and strain conditions
which exist during the second half of the casting cycle,
the cooling-~down half,

During heating (the injection half of the die casting
eycle), the surface attempts to expand, putting it in
compression with respect to the die interior, as shown
in Fig. 1b. The correspondling compression strain is
shown in Filg. lc¢. 7The combination of the temperature
gradient and the coefficient of thermal expansion of the
dle material determines the magnitude of the die surface
stress.

Initially, the surface deformation strain is within
the elastic capabllities of the die material. However,
if the combination of the temperature gradient and the
prevalling thermal expansion 1s hligh enocugh, the compressional
stress developed wlll exceed the elastic limit of the die
material and plastic deformation will take place after the
initlial elastic strain has occurred.

During cooling {(the ejection half), the elevated die
surface temperature Tsl declines and reaches some minimum

value Tgz whiech varies widely with specific die casting
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practice, Filg, 14 shows Tgp at a lower temperature than
basic mold temperature Tm. A8 the surface metal coocls with
reapect to adjacent metal further into the die block, it
attempts to contract more rapidly than the warmer adjacent
metal and is put in tension. If the product of temperature
change and coefficient of thermal expansion (thermal strain)
causes stresses larger than the elastic 1limit of the material
in its prevalent condition, reversed plastie deformation
w1lll occur. Exceeding the elastic limit even by an infinite-
simal amount will ultimately result in & fatigue faillure
after a sufficiently large number of cycles have occured.(S)
C. Die Temperatures

Nicolson(é) says, "Any dile at work is a complex of pul-
sating temperature gradients.” Fig. 2a shows a dile in
which he assumes that heat only enters at the cylindrical
portlion marked F, and leaves at the outer surface G, whilch
is water cooled. If metal were poured continuously into F,
points A,B,C,D and E would have temperatures as shown in
Fig. 2b, and isotherms would be cireular, and concentric
with F, If, however, metal were injected at regular intervals,
the points A,B,C,D and E would have rulsating temperatures
as shown by the curves of Fig. 2¢, and the maxime would
oceur gradually later and become less as the outside of the
die was approached., Isotherms remain circular and concentric
with F and may be regarded as concentric waves of decreasing

amplitude as they approach G.
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A—Dody of die-sleel ; B—Pure nickel

wire with inswlaling oxide jfilm; C—

Electrodeposited pure nickel coaling of .

103-2jc thickness; D — Insulating
waterial

Fig, 3a-Thermo-element used by Mickel
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Fig. 3b=-Positions 1-5 of thermocouples in Mickel's dile
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Fig., 3c¢c-Changes in temperatures at points 1-5

(Fig, 3b) during the dle-casting process
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affalrs with a variability only in one direction, namely,

normal to the surface,

With these assumptions, he derived that the stress

developed in the surface of the die 1is glven by

c=_mE a (TZ—Tl)
m-1
Hhere E = Elastic modull
m = 1 = 10 for steel
Poisson's Batlo 3

a = coefficient of linear thermal expansion
T, Ty are the upper and lower temperature limits

If the stresses involved in raising the very thin surface
layer of die steel from about 600°F, to about 1100°F are
calculated, and elevated temperature properties of steel
are taken into account, 1t 1is found that stresses of the
order of magnitude to 100,000 psi are attained. To these
must be added the casting pressures of the machine, notch
effects due to dle design, etec,

Since most steels have a fatigue strength in the
vicinity of 100,000 to 150,000 psi, it is apparent that
thermal gradients and stresses of die casting are adequate
to produce thermal fatigue in the manner described.

E, Appearance of Thermal Fatlgue Cracks

Roberts and Grobel(8) studied a number of dles to deter-
mine the mechanisms of die failure in die casting. The
dies shown 1in Figs. 4a-b are good examples of heat check-
ing. The checks filled with aluminum in Filg. 4a are in

marked contrast to the oxidized steel background,
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Fig. 4%4-(a) Large heat checks Fig. L-(Db) Severe heat check-

in aluminum dile casting ing in H-21 die after

die 3000 brass casting cycles

o

Fig. 4-(c) The start of a heat check or

narrow pilt in a die

2% Nital Etch, 500X



14

Micro-examination of cross sections through the heat
checks and through some pits not apparent in Fig. 4a
indicates that the two types of defect are due to stress-
corrosion and differ only in size, The alternating stress
(due to a combination of thermal and mechanical stresses)
combined with the oxidilzing attack of the alr cause oracks
to form at grain boundaries, The cracks continue to grow
until a whole grain or several grains are completely
cracked out. If round or oval holes are formed when the
grains come out, then the defects are called heat checks,
The beginning of such a heat check or pit 1s shown in
Filg. be.

Roberts and Grobe further found that almost all heat
checks in the dle were filled with aluminum but in the
metallographic examination there was no evidence of aluminum
attacking, alloying with, or dissolving the die steel. In
every instance there was an oxide film or an air gap which
prrevented direct contact between the aluminum and die steel.

Impingement soldering 1s another defect observed in
aluminum die casting dies, It 1s nothing but mechanical
holding of the aluminum by very small plts or scratches.(a)
Aluminum is not welded to the steel., The plts due to
impingement soldering differ 1n appearance from the heat
checks and result from scratching or breaking of the semi-
protective oxide surface that is built‘up on a die when
it 1s broken in, When the scale is broken, the steel
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reoxidizes and if the cycle is repeated several times, a
broad shallow pit develops.

F. Physical and Mechanical Propertiles Affecting Thermal Fatigue
In order to resist thermal fatigue in dies, a proper

combination of certain desirable mechanical and physical
properties of the die steel and the cast metal 1s essential,
Following is a brief discussion of such properties:

l., Thermal gradient is a function of the thermal
conductivity of the die material, Increased thermal
ecbnductivity will result in a lower thermal gradient
and thus lower stresses and strains.

2., The combination of the temperature gradient and the
coefficient of thermal expansion of the die material
determines the magnitude of the die surface stress,
Hense a good die material shounld have a low co-
efficlent of thermal expansion.

3. To produce thermal fatigue in a metal, plastic
deformation must occur cyclically, and it is only
after a material has been stressed beyond its elastic
limit that plastic deformation can occur. It becomes
obvious therefore that a high yield strength material
is desirable,

L, Increased ductllity, as measured by the reduction
of cross sectlional area during tensile testing to
failure, decreases the detrimental effect of each

eycle of plastiec deformation, thus lengthening
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fatigue life.

5. It is desirable for a die material to have a low
modulus of elasticity, since the thermally-induced
strain (expansion or contraction as during die
casting) will produce a minimum elastically-computed
stress in the dle material, all other factors being
equal,

6. The physical properties of specific heat, density
and melting point also have an effect on thermal
fatigue life, In general, a prospective dle material
should have high values of each of these three
physical properties.

7. The actual value of the temperatures, within limits,
is less important than the difference between them,
since the magnitude of the temperature change Tsl'
TsZ is directly related to the maximum strain that
the dle surface undergoes. The maximum temperature
may not exceed the temperature at which the yield
point of the metal is reduced to very low levels,

There are two additional rhysical characteristics of

crystalline solids which influence thermal fatigue life,
They are the presence or absence of phase transformations
and crystalline isotropy. In cublec metals which are rela-
tively isotropic, the phenomenon of anisotropy is probably
unimportant, Allotropic phase transformations in die

materlials result in a change in contraction or expansion
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in areas exposed to a sufficiently high temperature for =a
sufficiently long time to cause transformation; and secondly,
the transformation will result in an altered metallurgicsl
structure which changes the mechanical properties of the

die material in the affected zone, A complete discussion of
the phenomenon as 1t affects the die casting dles is outside
the scope of present work, It is generally agreed that

phase transformations which occur in the operating tempera-
ture range of structural parts are detrimental to the
successful function of such parts. (9)

G, Methods of Thermal Fatigue Evaluation
1. Noesen and Williams(5) have developed a mathematical

computer program using "Coffin's mcdified low cycle fatigue
equation” to predlict the thermal fatigue life of candidate
materials, Coffin expresses the number of cycles to fallure
(Ng) as a function of the change in the cyclic plastic

strain (Aep)

AEp

If Aey = 0, infinite die 1life 1s predicted.
It has been shown that C = ef » Where €p¢ 13 the true
2
fracture duetility in pure tension, since Aep = cp at Ng = %

cycle, The fracture ductility is defined as
100

€f = 1n 2o or 1n ( ~Too— % E.X.)

Ar
where A, 1s the 1lnitial specimen area and Ag is the fracture

ares .,
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Coffin‘lO) describes a model illustrating how cyclic
pPlastic strain 1s produced as a consequence of cyclic

temperature. The cyeclic plastic strain is defined as

Aep = Aeg-Ace = AT - 2X endurance limit
l1-v E

where endurance limit is defined as that stress which
gilves a fracture life of at least 107 cycles,

Aeg is the cyeclic thermal straln = %é%

Aeg 1s the cyclic elastic strain = 2X endurance limit
Also, AT is defined as ®

AT = TS-Tm where Tg5 1s the surface temperature of
the dle and T, 1s assumed to equal the dle operating tempera-
ture.

V = Poisson's Batilo

A log log plot of Aep V8 Nf 18 & straight line with a
slope of (-%); with ep, the fracture ductility, a point on
the curve for Hf equal to % cycle. Therefore an entire
curve can be obtained by just the knowledge of the fracture
ductility, ecr.

Noesen and Williams used 0.1% yield stress instead of
the endurance limit in the calculation of Aeg, because of
searclity of published fatigue data,

Some metals have been veriflied experlimentally to agree
with "Modified Coffin's low cycle equation”(5) but unfortu-
nately in many other cases of dle steels, the predicted

life is far in excess of the actual dle life., For example,

for casting aluminum in H-13 dle steel or in maraging steel,
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thlis method predicts infinite value of Ny, But in actual
die casting operations, H-13 dies have been found to show
fatigue cracks much earlier. Also, Ladish Company's
Hesearch lLaboratory has reported (personal communloation)(zo)
thermal fatigue cracking of maraging steel after a certaln
finite number of cycles for similar AT (700°F ). Hence

this method of theoretical prediction is not very satis-

factory.
2. DN, Williams(a)et, al, examined two hotwork die

steels, H-21 and H-23, by means of elevated temperature
mechanical fatigue studles to determine the relative impor-
tance of oxidation and fatigue loading on corrosion fatigue
(or heat checking) fallures in die steels, They found that
sample life in the range of 1100° to 14006F. was relatively
independent of oxidation. Variations in heat treatments,
test condltions or other materlial properties were found to
affect the sample life in direct proportion to their effect
on plastic strain imposed on the sample during cyclic load-
ing. They derived that sample life could be calculated by

use of the equation

where N = sample life in cycles
8 = plastic strain in percent imposed on the
sample each half cycle

Above formula holds good for an annealed material only.
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As this method uses a cyclic load applied at a con~
stant high temperature, it does not exactly follow the
pPhysical conditions of altermate heating and cooling
that a die casting die undergoes in actual production.
Further, the authors themselves indicate in theilr paper

that plastic straln values of the heat treated samples

were very uncertalin. Thus they could not develop the
equations relating sample life to strain, strain rate
and temperature. This method therefore deces not seem to
be very helpful in predicting the thermal fatigue life of
e fully hardened die steel,

3. Glenny(ll' lz)et. al. developed a laboratory test-
ing technigque by i1mmersion of the test specimen in a bed
of powdered refractory substance supported on a permeable
plate and fluidized by a stream of alr, These fluldized
beds were used for alternmate heating and cooling to study
thermal fatigue of Nimonic alloys. Recently, I.I.T. Besearch
Institute, Illinolis and some industries are using this tech-
nigue for thermal fatigue of steels.

Glenny et, al, found by experimental study that a higher
upper temperature in the cycle and a higher holding time at
an upper constant temperature result in lower number of
eycles to cause fatigue fallure, Also, a higher AT (at a
constant upper temperature) results in lower number of cycles
to failure, Argon gas atmosphere resulted in higher number

of eycles to fallure than in alr for the same sample. The
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criterion for failure was taken as first appearance of a
radial crack at the periphery of a tapered disc specimen,

Numher of cycles to fallure, N, was defined as

N = N] + No
2

where N, = No. of cycles when ecracks first seen at 60X
Ny = No. of cycles when specimen was last examined
without showing any cracks,

4, Wollering and oertie(13)or Ladish Company have
developed a cyclic thermel fatigue testing machine in which
polished die steel samples are mounted on a wheel rotating
at a controlled speed. Heating source is an oxy-acetylene
torch which raises the temperature of a small central portion
of the top surface of the specimen to 680~700°F in about
L.3 seconds, The specimen is then water quenched by rotation
of the mounted wheel into a water bath kept at 66°F, An air
blast dries the surface of the specimen, as it emerges out
of the water bath, before being heated again, Specimens are
removed from the machline at intervals of 10 to 15 cycles
during the early stages of the testling, surfaces are metallo-~
graephically polished and photographs taken at 25X, After the
cracks have initliated, during the later stages of testing,
thls procedure 1is repeated less frequently.

Usling this method, Wollering and Oertle were able to
make a bar chart for different die steels, showing the num-
ber of cycles per specimen at the initiation of surface

Tfissures. They have also presented photographs showing the
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fatigue erack propagations after initlation at different
cycles for various dile steels,

5. Coffin(lq-lé)used & thin walled cylinderical test-
piece which was alternately heated by passing a heavy cur-
rent through the wall, then cooled by a flow of cold gas
through the bore, The thermal cycle was continued until
a crack developed. The test 1s closely related to conven-
tional push pull fatigue tests, but perhaps the chief ad-
vantage is that the stress in the test piece can be measured
throughout the cycle and therefore useful information can
be derived about stress strain behavior., Cofflin used an
18/8 Cr-Ni austenitic steel, The main disadvantage of this
method is the lack of unliformlity of temperature along the
gage length of the test plece; the centexr attains a higher
temperature than the radiused shoulders and consequently
there 1s probably some degree of straln concentration near

the center.

6., Northcott and Baron(9)presented a valuable review
of *“Craze-cracking” in die casting dies, ingot molds, hot
rolls, forging tools and dies, brake drums and rallway
wheels, as an introduction to thelr work on thermal fatigue
of low alloy steels,.

- After a few tests with different methods of heating,
Northecott and Baron decided that inductlon heating was the
most convenlent and versatile method. Initially they tried

to heat a flat surface using a spiral pan-cake inductor as
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each wire belng spot welded to the test-pilece.

Most of thelr experiments were dlrected towards the
behavior of low-alloy steels, using maximum temperatures
in the cycle which exceeded the Ac3 temperature for steel.
The surface then undergoes ferrite to austenite transfor-
mation on heating, but the rate of subseguent cooling 1is
so fast that the reverse transformation is suppressed
until the temperature reaches the Mg point. The cracks ob-
tained in thls case were not very sharp. They also tried
lower maximum temperatures between M0—700°C where no
pPhase transformation occurs as A03 temperature is not
exceeded, Much sharper cracks were reported for such a
temperature range (Fig. 6).

The effect of maxlimum temperature in the cycle on the
rate of cracking in various steels is shown in Fig. 7.
They further found that stress concentration plays an
important part in the development of these cracks and
when transverse notches were cut into the surface, the
rate of cracking was greatly accelerated even when the
notch was only a few fhousands of an inch deep.

Northcott and Baron also carried out a few tests on
the influence of various atmospheres and their results
suggest that the nature of the atmosphere does not have
a marked effect on the rate of cracking. However, in
oxidizing atmospheres a flne network of cracks developed

in the brittle scale as shown in Fig. 8., The metal sur-



Fig,

6~Appearance of macrocracks due to

thermal fatigue in En. 25 steel,
1700 cycles, #0-700°C in air

10X

26



2-0

I000°C

/ | ,900°C

10 / 1ooooC/

&
- 800°C
I ey e 150G , '
_‘5‘ O 2_00 , 600 O 200 600
) x o N - . ) . N - 7
::) 20 1200°c |17 1000°C /' '
o H1o0°C ' o
e 1000°C o /g00°C
gooec| I sso0ec
(c) | (d) nHoo°¢
10 ' : _
: ' : l20C|)°C
) } \ /]
; , ' - / 750°C
o ) |
| 800°C |
/ v :
/] P
O 200 600 O 200 600
NUMBER OF CYCLES '
(a) 0.31% cnrhon;toel, {c) 1-24% carbon steel
() 0-809% carbon steel ) {d) Ni-Cr-Mo siccl En. 23

Fig. 7 —Influence of maximum temperature and no. of cycles on depth of cracks. Test-pleces

cycled betwcen temperatures shown and 40° G, In argon

27



28

{(a) 200 cycles, 40-850°C in air

(b) 200 cycles, 40-850°C in hydrogen

Fig. 8-Thermal fatigue of medium carbon steel 5X

Fig.

9-Appearance of microstructure and a
thermal fatigue crack in En, 25 steel,

tested for 4000 cycles in air, 40-600°C 800X
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face is oxidized more rapidly beneath these cracks than
in positions shielded by scale, and hence the pattern is
reproduced on the metal surface.Filg. 8b shows the effect
of hydrogen atmosphere.

When a thermal cycle of 40-700°C. was used with a
hardened and tempered En 25 steel (C 0,34, Ni 2.54, Cr 0,65,
Mo 0.6), at higher magnification the cracks were seen to
be failrly strailght transcrystalline (Fig.9) and oxide filled,
When a hydrogen atmosphere was used the cracks showed some
tendency to follow shear planes and the number of cracks
was reduced although the number of cycles to first evidence

of a crack was not very different,



III, EXPERIMENTAIL. PROCEDURE

A, Selection of Steels Used

The compositions of the steels used in the present

study are given in Table I,

TABLE I
COMPOSITION OF VARIOUS STEELS TESTED

ATIST Iadish AiSI AIST ATST Maragling
Material L34oH  D-=11 H=-11 E-13 H=-21 UM=-300
Element
C A0 A6 4o .39 .35 .03
Mn .76 .75 .29 .36 .25 .10
Si 25 .25 1l.00 1.06 .35 .10
Ni 1.71 . 50 .06 17 == 18.50
Cr .81 1.00 5.00 5.23 3.50 -
Mo .22 2.00 1.50 1.35 - 4,80
- .50 .40 1.04 .50 -
W - - - - .50 -
Co - — - - - 9.00
Al —_— - - _— - .10
T1 - - - - - .60
B - - - - - . 003
Zr - -- - - - .02
Ca - - - - - .05

Cu - - .o .11 - —_—
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1. AISI 434oH

Thls steel was used in preliminary work for develop-
ing the experimental techniques, It was selected primarilly
because it had a low alloy composition range of the order
of lLadish D=1]1l steel and was readlly avallable in the
stock room,

The remaining five steels were selected as they showed
promlising physical and mechanical propertles (mentiloned
earlier in the literature review section) which are neces-
sary for aluminum dile casting dies,

2. Ladish D-11

Iadish Company had claimed 1its D-11 steel to be very
suitabie Tor aluminum die casting 1ndustry.(l3) It was
therefore decided to test thils steel for its suitabllity
on the basis of present experimental techniques,

Table II shows a comparison of some of the physical
and mechanical properties of interest of the dle steels

used,
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TABLE II
PROPERTIES OF DIE STEELS TESTED BY THERMAL FATIGUE CYCLING

Room Temp. Thermal Thermal Elastic Ultimate

Ultimate Expan- Conduc~ Modulus Strength
Material Strength sion tivity at Room at 1000°F
Temp.

ksi psi x10% ksi
L D-11 274 7.25 17.7 30.7 162
ATIST H-11 217 7. 140 16.6 30,0 140
ATISI H-13 217 7.50 16.6 30.0 1h5
AISI H-21 243 7.60 17.9 - 163
Maraging 294 5.60 16,7 27.5 165

UM300

ILadish D-11 steel bars of 23/32 inch dlameter were
supplied by lLadish Company in two different lots at different
times on the basis of requirement for the present study.
These bars were in annealed condition and were machined
to the required specimen sizes of % inch diameter X 3/4
inch length,

Heat treatment parameters were decided from the Fig. 1l0a
supplied by lLadish Company and samples were heat treated in
sealed stainless steel envelopes, in a manner indiceted in
the general procedure,

3. AISI H~11l and H-13

Consumable vacuum re-melted H-1ll steel bars of 0.770

inch diameter were supplied by The Carpenter Steel Company.

H-13 steel was obtalned from three different sources, namely,
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The Carpenter Steel Company, Universal-Cyclops Steel
Corporation and lLatrobe Steel Company,.

H-11 and H-13 are both chromium type hot work steels
and have basically the same chemlical composition with the
aexception that vanadium content 1s increased from 0.5 to
1.0 percent in H-13, Both the steels have high ductility
and toughness, The 1.,5% molybdenum imparts very high
hardenability to these two grades, ensbling them to harden
throughout large sections using still alr gquench. Both
the steels have a good resistance to softening at elevated
temperatures. Higher vanadium content imparts higher hot
hardness and better wear resistance to H-13, Typlical
applications of H-1ll1l include dle casting dies, punches,
plercing tools, extrusion tooling and forging dies. H-13
is presently widely Delng used as die steel for alumlinum
and magnesium die castings and for long run zZinc die castings.

Heat treatment parameters for these two steels were
selected from Figs. 10b-c supplied by Latrobe Steel Company.
4. AISI H-21

This steel shows better wear resistance and higher
hot hardness than H-11 and H-13 die steels, It has higher
strength properties at elevated temperature (Table II) and
better thermal conductivlity than other steels discussed
earlier, Because of these reasons, it 1s freguently used
for applications where resistance to softening at elevated
temperatures ls important, it has been used in industry

for dles for dle-casting brass(18), permanent molds for
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gravity die casting, brasgs extrusion dies, hot punches etc.

H-21 was selected to find its sultability for the
temperature range normally employed for aluminum die
casting. As it shows good results for brass die-casting
dies, it was reasoned that it might prove better than H-11
and H-=13 die steels for aluminum die casting.

ILatrobe Steel Company could supply & minimum size of
1 5/8 inch diameter rods of H-21 steels, These rods were
therefore machined to % inch diameter to get test specimens
of required dimensions, Heat treatment parameters were
selected on the basis of Fig. 104 as supplied by Latrobe

Company.
5. MABRAGING STEEL

Maraging steel is one of the latest developments in
~the alloy steel industry and it has some very promising
properties which make i1t a potential candidate for die
casting dies, It has maximum room temperature strength
and elevated temperature strength among all steels listed
in Table II. Thermal conductivity of maraging steels 1is
comparable to that of H~13 but thelr coefficient of thermal
expansion is about 12% lower. Thus maraging steels are
superlor in two properties of importance in resistance to
heat checking. The maraging steels show a higher fatigue
endurance 11m1t(19)1n comparison with conventional H-13

as shown in Table IITI,
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TABLE IIX

FATIGUE ENDURANCE LIMITS OF MARAGING STEEL COMPARED WITH
H-13 DIE STEELS

Steel Re 108 cycles, psi
Vaseco Max 300 CVM 54 125,000
H-13 L7 110,000

Sufficlent hardness and strength asre needed 1if the
die is to resist deformation, peening or brinelling of
flash into the steel, and other abuses of the casting
operation. The higher hardness and tenslle properties
of the maraging steels in comparilison with some of the

conventional die steels are shown in Table II and IV.

TABLE IV

HARDNESS AND TENSILE PROPERTIES OF MARAGING STEELS
COMPARED WITH CONVENTIONAL DIE STEELS

Type Bockwell Yield Elongation Reduction
Hardness Strength % in Area %
Re (0.2% off-
set, psi)
H-1l1 L6 190,000 11 39
H-~173 L) 190,000 10 35
H-21 50 215,000 12 37
Maraging 54 270, 000 11 57

300
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In addition, for an equlvalent hardness and strength
level, the maraging steels are generally tougher than con-
ventional die steels and show considerably more ductility,.
This makes maraging steel more resistant to gross ceracking,
Also, because of higher hardness levels permitted by its
toughness, the maraging steel should exhibit good resistance
to washing, The oxidation resistance of maraging steel is
considerably better than that of H-13 die steel, as shown
in Fig. 11.

All the above desirable properties of maraging steels
for dies are attributable to a precisely controlled composi-
tion and structure achieved by high purity alloys, con-
sumable vacuum melting and special hot working technigues,
Table I shows the nominal analysis of 18% Ni maraging steel
based upon yleld strength of about 300,000 psi. Large per-
centages of nickel, cobalt, and molybdenum are important
contributors to the nnique maraging hardening mechanism,
Unlike H-13 or H-21l, which are hardened by the effect of
heat treatment on the carbon in steel, the maraging alloys
are essentially carbon-free and derive thelr strength by
an aging process in iron-nickel martensite,

In order to retaln maximum toughness in large steel
die block sizes, normal steelmaking impurities must be
kept at extremely low levels., The element titanium is é
very potent strengthener on maraging (each 0.1% increases

yield strength about 10,000 psi). Beron, zirconium and
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calcium are added to retard graln boundary precipitation
and improve toughness,

Maraging steel Unimar 300 was supplied in % inch
diameter rod form by Universal-Cyclops Steel Corporation
in the solution annealed condition and it needed only to
be aged at 900°F for 3 hours to develop full propertiles,

Another interesting characteristic of 18% nickel
maraging steel is i1ts small dimensional change on aging.
After a proper mill anneal, the block contracts about
00,0005 inch per inch during aging.(lg)

As not much detailed work in the area of sultability
of maraging steels for aluminum die casting had been
reported in literature, the author decided to carry out

detailled investigations about maraging steel,

39
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B, FPreliminary Experiments
The initial phase of present project involved the

selection of a suitable method of heating. It was intended
to choose a method of heating which would closely simulate
the actual temperatures experienced by a die in comparadble
production times on an aluminum die casting machine,
Fluidized bed type of arrangement involves too many
variables to be controlled, A proper size and type of pow-
der material has to be selected because below & critical
size the fluidization becomes non-uniform and the heat trans-
fer coefficient decreases, Also, a critical air flow (or gas
flow) rate has to be used to get the maximum heat transfer,
Transfer of specimen from hot bed to cold bed (and vice
versa) takes some time during which the specimen tempera-
ture can change appreciably. This results 1n a non-uniform
heating or cooling conditions of the specimen, It needs
72 to 96 hours cooling time 1f the furnace is to be repaired,
Gas torch flame heatling and water quenching method,
as adopted by Ladish Steel Company‘lB), involves too severe
a quench which is actually not experienced by the top sur-
face of a dile in production. Alsco, the heating times invol-
ved for 250 to700°C temperature range are comparatively
longer there,
Induction heating provides a convenient and versatile
method and thus it was decided to use an induction heating

unit for the present work,
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In aluminum die casting, the die surfaces are normally
preheated to about 250°C before the molten metal is injected.
Injection may raise the temperature of the die surface up to
€70°C as shown earlier 1n Fig. 3¢. It was therefore the
object of the preliminary experiments to achleve this temp-
erature range in the minimum possible time with the availlable
induction heating unit., The avallable induction unit was a
single phase, 220 volt, 1% kw output unit with current being
variable from 0 to 500 mA.

In the first experiments, Jjust to set up the proper
experimental procedure, 4340H steel was used as die steels
were not immediately available in stock, Initially cylin-
drical shaped specimens were tested as in Fig. 5b. To
control the temperature gradient and decrease the cooling
time, the bore was coocled by & continuous water flow. All
the cylindrical test-pieces could be heated only up to
600°C in about 2% minutes, Attempts to increase the heat-
ing rate by altering diameters of test-pleces and coil were
not very successful because when the wall thlickness was
increased to lower the rate of dissipation of heat to the
bore, the surface area to be heated was 1néreased. Also,
steep temperature gradilents between outer periphery and
the center of the specimen could not be obtalned,

Another type of trials were carried out so as to heat
the surface of the steel specimen (placed outside the heat-

ing ceil) by placing 1t in contact with one flat end of a
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cylindrical core plece of a different metal of higher
thermal conductivity (e.g. Ni, Cu, W etec.) which was
surrounded by the induction coll. To improve the physical
contact, the cylindrical core and the bottom steel piece
were gripped between insulated faces of a vertical C-clamp.
A spring was attached between the eylindrical core and
upper face of the C-clemp so as to allow for the expanslon
of the core during heating without increasing the pressure
at the point of contact of the steel plece and the core,

A temperature increase from 250 to 670°C on the surface
of steel plece was obtalned in 35 and 30 seconds with nickel
and copper cores respectively., Attempts to increase the
heating rates by varying the sizes of the core, steel test-
piece and coil did not result in any appreciable advantage.
Further, attempts to attain any temperatures higher than
670°C resulted in melting away of the copper and nickel
cores, Also, copper core showed slight diffusion tendency
into the steel surface,

Cylindrical cores of tungsten were trlied so as to
overcome the above melting problem as it has & very high
melting point. It took about 40 seconds to get the regulred
increases in temperature from 250 to 670°C in the beginning.
But after few eycles, tungsten cores were very badly oxi-
dized and heating times increased stlll more due to the
oxide layer,

To prevent copper diffusion into steel surfaces, some
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copper cores were electro-coated with nickel and gold as
these two metals have very low diffusion tendency in steel
at the operating temperature of interest. To make the
coatings adherent, the electro-coated cores were annealed
in neutral atmosphere. When these nickel and gold coated
copper cores were used for the above heating purpose, the
coatings spalled off during the coecling part of the cyclé.

Molybdenum and tantalum foils (0,003 inch thick) were
then trled as separation medila between copper cores and
steel pleces, It did prevent the diffusion problem but
no 1mprovement in heating time was achleved,

Buring the final trials, to utlilize the maximum power
avallable out of the induction unit, air gap between the
steel test-plece and the copper inductor coils and also
the number of turns of the coil were varied. HMaximum
efficlency was obtained by using a circular coil with an
inside dlameter of 5/8 inch for a # ineh dlameter cylindrical
test-plece with one complete turn of the coill only around
its top end. As qulte short heatling times resulted from
this, it was therefore declded to use this arrangement for
the actual experiments,

C, Present Experimental Methods

1. Test-piece and Inductor

A eylindrical test-piece of % inch diameter and 3/4
inch long is used. Top 1/16 inch high portion of the sample
1s surrounded by one complete turn of a coppexr inductor coil

made from 1/8 inch outside diameter tubing with cold water



Ly

continuously flowing through its 1/16 inch diameter bore.
The test-pliece i1s located in a copper jig which extracts
heat from the base of the specimen thus gliving a vertiecal
temperature gradient (Fig, 12).

Measurements have been taken of the temperature dis-
tribution radially on top face and down the vertical side,
The results are plotted in Fig. 13a-b, A specimen of
434 0H was used and temperature at the top pefiphery wasg
cyecled between 250-670°C, The graphs show the maximum
temperatures recorded at other positions.

2. Cooling Arrangement

It was decided to use pressurized alr for cooling
part of the thermal‘cycling of the specimen, In actual
production, die-casting dle surface is not cooled by water,
Water cooling channels are made much below the surface of
the massive dies, Use of water guenching on the surface
of a test-plece causes gquench cracking and the thermal
fatigue cracking data so obtalned can be misleading and
erroneous, In fact, in industry, alr blowers are used to
cool the die surface during the ejection half of the cast-
ing cycle. For these reasons, alr cooling was incorporated
in the present experiments.

A solenoid operated valve of % inch size, with a
capaclty of operating up to 100 psil was comnected in the air
supply line. The pressurized alr 1s passed through a set

of filters to remove any dust or molsture before entering
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l12-Arrangement of the test-piece and inductor used

in present investigation.
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the air valve., The solencid valve is comnected in such

a manner to the OFF timer of the timar unit, that the

air valve suppllies alr for cooling only when the inductlon
unit is off., A nozzle is fitted about # inch above the top
edge of the test-plece so as to cool the specimen surface
by pressurized air supplied by the alir valve.

The timers do not regulre resetting after each cycle
and the sequence 1s therefore completely automatic. An
electric clock incorporated in the circuit of the induction
unit gives the total time for which the unit is run and
thus the total number of cycles are known. The clock
incorporated has further advantage of indlcating the exact
time of run if acecidently the unit stops functioning at any
hour of the day or night.

3. Temperature Measurement

Standard chromel/alumel thermocouple wires of 0,012
inch diameter are used., To determine the accurate tempera-
tures on the surface, trials were ocarried out on dummy
samples., ©One 0,04 inch diameter hole was drilled on the
side of the cylindrical test-plece, with its center being
just 0,04 inch below the top surface and up to & depth of
only 0.03 inech, The thermocouple wires were welded to form
a bead of just the size which will push fit into the above
drilled hole, The specimen was heated in the induetion
it and the temperature recorded by means of a sensitive

galvanometer, Further, 0.04 inch diameter holes were
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drilled at close spacing radially on the top surface and
along the vertical side so as to get the temperature profile
of the whole test-plece. These temperature profiles were
found to be similar in all the steels,

Once the temperature profile of the dummy test-plece in
each steel was mapped out (Fig. 13), only cone hole of 0,04
inch diameter was drilied (1/8 inch below the top surface)
in further test samples, The top surface temperature 1s
manipulated by use of Fig. 13b from the temperature reading
obtained by the thermocouple inserted into the above hole,
This step 18 necessary because if the actual test-plece
contains a drilled hole just 0.04 inch below the top surface,
it acts as a strong stress raiser and causes earllier cracking
of the material, But the hole drilled 1/8 inch below the
surface (being at & comparatively lower temperasture) was not
found to have any stress raising effect which was verified
in all later tests, This method of temperature determination
was found to be very reliable and accurate,.

Many people record the temperature of surfaces by
spot welding the thermocouple wires on the test-piece,
It is possible for the welded jJjunctions to be either hotter
or colder than the surrounding surface, owing to induced
currents or to thermal conduction along the wire, Induced
currents tend to make the junction too hot if the welded
Junction is large, especlally 1f 1t is elongated in the

direction of current flow, whilst thermal conduction in



Fig,

Fig.

134A=-Temperature profile in radial direction of the

test-piece

13B~Temperature profile in axial direction of the

test-piece
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the wire can make the junction temperature too low if

the wire is too heavy or if the area of the weld is small
in relation to the cross-sectional area of the wire, A
more serious erxror can arise in oxidizing atmospheres
owing to gradual penetration bf oxlide into the welded
jJunetion., The area of contact can be greatly reduced and
the temperature:.of the junction then falls owing to con-
duction of heat to the relatively large cold wire. The
gradual oxidation of welded junction could lead to errors
of 50°C or more.

The electrical resistance of the thermocouples and
leads used in present experiments was 10 ohms and did not
alter appreciably untlil the welded bead was on the point
of breaking, The resistance of the wilres and thermocouples
was checked from time to time and the wires were rewelded
in case of any doubt,

4, Heat Treatment

As the die steel dies are used in fully hardened and
tempered condition, so as to have maximum resistance to
thermal fatigue, it is essential to use the test samples
under similar heat treated conditions. The die steels
must not be exposed to oxlidizing, carburizing or decarburiz-
ing atmospheres, as all such stmospheres tend to reduce
the thermal fatigue resistance of die steels,

To overcome such difficulties, the specimens are sealed

in stainless steel envelops (0,002 inch thick). These
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envelopes are of disposable type and they eliminate the
need for having elaborate and costly gaseous atmospheres
in heat treatment furnaces and are very useful for heat
treatment of small samples., The samples are then austen~
jtized at the required temperature and for required length
of time (as indicated by the steel supplier), quenched and
tempered, In present series of experiments, samples were
heat treated to get hardness values of Re 50 and 40 for
each of the steels tested, The samples remain shining
and bright after heat treatment in the stailnless steel
envelopes,

Muffle furnaces were used for all heaﬁ treatment

operations in the present study.

5. Heating and Cooling Cycling

The specimen is first heated for one second in the

beginning and when the whole plece is in egquilibrium at
250°C (as indicated by the different thermocouples fitted
on to the test-piece), heating is further carried out till
670°C temperature 1s obtained on the top surface., Once
heating time 1s standardized, the induction uwnit automatical-~
ly goes off after the set ON time and the solenoid operated
alr valve immediately suppllies the pressurized air, through
the nozzle fitted about % inch above the specimen, for the
reguired length of time till the sample cools to 250°C,

The air supply then automatically stops after the fixed
cooling time and the heating cycle starts again. Hence
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after the first cycle, everything works automatically. Fig.
14 shows the complete apparatus set up for the present series
of eXperiments.

The heating time for 4340 steel test-plece was standar-
ized at 3,65 seconds and the cooling time at 17 seconds.

The rate of heating 1s very rapid at first but then slows
down slightly so that any error due to galvanometer lag is
negligible,

Some time temperature graphs were drawn, as shown 1n
Fig. 15, The heating rate is very fast while cooling rate
which is very high in the beginning, slows down consliderably
after about 500°C, It should be noted here that a medium size
die for casting an aluminum dle casting, about 2 lbs, in welght,
normally undergoes a similar time schedule on a 150 ton auto-
matic pressure die casting machine (as per experience of the
author in industry). Thus the above time~-temperature cycle
was considered to be a close simulation of the actual conditions
experienced by a die surface in production.

The heat pattern experienced by the test-plece is shown
in a 5X photograph (Fig. 16). The heat conduction can be
observed as concentric 1lsotherms going from the outer peri-
rhery towards the center and glving a severe temperature
gradient radially ss was shown earlier in Fig. 13a, Also,
this heat pattern very closely resembles Nicolson's model

(Fig. 2a) when points F and G are interchanged,



Fig.~14 Apparatus set up for thermal

fatigue testing of dle steels

sk



Fig.

15-Induction heating and air cooling cycle for thermal

fatigue of dle steels
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FPig, 16-Heat affected pattern on a thermal

fatigued specimen of 4340 steel after

100 cycles, in air, top face
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6. Experimentel Procedure
To evaluate the effect of cyclic heating a2nd cooling

and to establish whether the cracks so developed resemble
the fatigue cracks, the tests were first carried out on
4340H steel as per following testing conditions,

a, Cylindrical test-plece of % inch diameter and
3/4 inch long was metallographically polished
on the top surface with aluminum oxide, Linde B,

3 micron size or less,

b. The polished sample was examined at 100X under
microscope to make sure that the polished surface
and edges were free from any micro-cracks,

c. The test-piece was first brought up to 250°C in a
manner indicated earlier and then heated for 3.65
Seconds and cooled for 17 seconds., Dry and clean
alr at 60 psi pressure was used as cooling medium,
The maximum temperatures attalned during heating
and cooling were 670 and 250°9C respectively.

d. Specimens were removed from the machine at intervals
of 50 cycles during the early stages of testing.
The surfaces were metallographically polished only
on microcloth wheel using alumlnum oxide, The pro-
gress of cracking was followed at a magnification
of 100X, using parts from a travelling microscope
fitted with a graduated eyeplece to enable the depths

of the cracks to be measured,
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Pirst appearance of a crack at 100X was taken as the
point of inltiation of thermal fatigue. Three samples
were tested up to the polint of inltlation and similar results
were obtained, thereby showing the reproducibility of the
results, FPhotographs were taken at magnifications between
5 to 9X.

One of the samples was then further cycled to study
the rate of crack propagation with increased number of cycles,
The sample was taken out at intervals of 100 or 200 cycles,
metallographically polished and photographed. Lengths of
the different cracks and theilr total number were recorded

under a travelling microscope., These data were then plotted

as shown later.



60

1V, EXPERTMENTAL HESULTS AND DISCUSSION

A, Observations and Results On 4340 Steel
1. Heat Treatment
Austenitized at 1550°F for % hour.
Tempered at 800°F for 2 hours,.
2, Hardness
Hardness of the samples as recelved - Rc 19
Hardness of the samples after above heat treatment - Rc40
3. Thermal Cycling
Heating time per cycle -~ 3,65 seconds
Cocling time per cycle - 17 seconds
4, Results

Number of cycles for crack initiation - 100

TABLE V
FROPAGATION OF THE LONGEST CRACK IN 4340 STEEL

RNumber of Cycles Length of the longest
crack, mm

100 0.22
150 0.26
290 0,62
400 0,90
510 1.17
610 1.36

800 1.60
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5. Discussion of Results

After undergoing some cycles, an oxide coating is
formed on the top edge and along the sides, forming a
network of cracks developed in the dbrittle scale as shown
in Figs. 1% and 27b, The metal surface is oxidized more
rapidly beneath these cracks than in positions shilelded
by scale and hence the pattern is reproduced on the metal
surface on further cycling., There exists a very close
resemblance between Figs., 17 and 8a in the general appear-
ance of thermal fatigue samples, The sharp edge of the
sample acts as a further stress raiser in addition to
the sharp temperature gradient existing from the outer
edge towards the center and hence the fatigue cracks are
seen to start from.outer reriphery and proceed radlally
inwards, (Filgs. 20a-d4d),

The appearance of & single crack, as shown in Fig 18
at 133X, closely resembles an actual heat check in a die
which was shown earlier in Fig.4c, This clearly established
that the present thermal cycling method simulates the
creation of actual fatigue cracks 1ln die casting dies,

The crack propagation sequence can be nicely seen in
this steel in the set of photographs shown in Figs. 20a-4d.
Fig. 20a shows two very sharp and fine cracks ( few cycles
after the crack initiation) at 150 cycles, On further
cycling, these cracks propagate radlally inwards, becone

wider at the edge and also some new cracks are developed



Fig.

17-0xide scale and cracks formed on
the side of the cylindrical test-plece
of 4340 steel, in air, after 1200 cycles
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Fig,

18~-An oxide filled

thermal fatigue
crack in 4340 stee
after 900 cycles

1
133X

Fig.
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19-Stress raising effect
of a thermocouple hole

only 0.0 inch below the
top surface; 4340 steel,
B0OO cycles 133X
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(a) 150 eycles 5X (b) 290 cycles 5X

(c) 520 cyecles 5X

Fig. 20-3equence of crack propagation in 4340 steel,
in air, 250-670°C



65

8 can be seen in Figs. 20b-c., This steel seems to have
alled very badly after 800 cycles (Fig. 204) where cracks
f 0.2 mm width and 1.6 mm depth can be seen, The severity
nd frequency of cracking clearly shows the unsuitability

f sueh a steel for thermal fetigue resistance reguired

f die steels,

The stress raising effect due to a thermocouple hole
ust 0,04 inch below the surface of a dummy sample can be
een in Fig, 19, where a large crack developed Jjust above
he hole at 400 cyecles, Because of this reason, the thermo-
ouple hole was made 1/8 inch below the surface in actual
est-pleces which did not cause any stress ralising effect
n the cracking tendency as can be seen in Figs. 20b-4,
here a uniform cracking developed all over the periphery
nd not preferentially at the locatlon above the thermocouple
wole,

The rate of cracking of this steel can be seen in
'1g. 21. The cracking progresses at a very high rate up to
. erack depth of about 1.2 mm and then the rate drops slightly.
'he reason for this drop in cracking rate is that the high
;emperature region (650-670°C) extends upto about 1.2 mm
‘rom the outer edge and the temperature drop is substantial
reyond this region (Fig. 13a), Had there been a uniform
11gh temperature region beyond 1.2 mm, the cracking would
wmve progressed at almost the same rate in a llinear manner.

Thus having established that the thermal fatigue test-



lg. 21-Propagation of the longest crack with thermal
cyeling in AISI 4340 steel
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ng procedure carried out on 4340 steel reproduces the

‘hermal fatigue behavior encountered in dile casting dles,

.t was deeilded to continue the same testing technique on

‘he commercially available and the potentlial candidate

lile steels to evaluate thelir resistance to thermal fatigue.

}, Ladish D-11 Steel

.. Heat Treatment

Group I: Austenitized
guenched and
1100°F.

Group:1I: Austenitized
quenched and
1200°F,

2. Hardness
Hardness of samples as

Hardness of samples of

Hardness of samples of

3. Thermal Cycling
Heating time per cycle

Cooling time per cycle

¥. Results

at 1800°F for % hour, air

double tempered for 4+4 hours at

at 1800°F for % hour, air

double tempered for 4+4 hours at

received - Rc 29

Group 1 after heat treatment -
Rc 48

Group II after heat treatment -

Re 40

- 3.3 seconds

- 20.1 seconds

Crack initiation of Group I samples - 125 cycles

Crack initiation of Group II samples - 75 cycles
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RACK PROPAGATION WITH THERMAL CYCLING IN LADISH D-11 STEEL

Group 1 Group 11
umber of Crack length, mm Number of Crack length, mm
Cycles Cycles
125 b6, b3, .41, .kO, 75 .40, .39, .38, .33,
k 38 (2)*7 35, .18, .17, .15,
31 (2) .30' 425(2)' .13 (2)’
-18! v17
300 71 68 .614’ (2)' 300 8}'} -79, -78l 077!
(2) Eo, L9, 69, .68, .65, .64,
LFLL (2) » 2! 0291 62 (2) OS9! -589
.28 (2). .27, .24 .56, 55. . 5%, .53,
7 (2). M5, .37,
.33, .30, .25
083) 080, 075! -90i 86 (2) 82 (2)’
-71 (2)1 '691 '65! -789 ?6 (2) -72l
.64, .63, .62, .61, .71, .66, .62, .60 (2),
.58, .56, .55, .52, . 5%
A0, .38 (2)
700 1.17, 1,06, 1,03, 700 1.47, 1.30, 1,28,
98 i97l -96! 95 1-279 1-251 1'089
.92 (2), .84, .7812) 1.06 (2), 03 (2),
77, 76 .70 (3), .98, .97, . .90,
.68, .66. .60, 55, .86, .85 (2) .80 (2),
-53! 01;71 .L}O’ 038 -75! 66 60 '56l
.55, .54, .35, .34
Q00 1.31, 1.23, 1.22 (2) 300 1.62, 1,43, 1.27,
i.12, 1.10, 1.08, 1. 24 1.20 (3) 1.18,
1. 05, 1, Oh 1,03, 1. 15, 1. 10 i 08
1.02, .97, .96 .95, 1,07 (2) .02,
9& (2) .90 (2) 1.00 (2), 98, .96,
.88, .80 77 .88, .8?, .85, .80,
.72 (2), .65, .63, .76, .68, k7, .35,
62, .47, .40 .26

* Number within parenthesis indicates the number of cracks of

same length,

Same notation is followed in all later tables.












ig. 24-Propagation of the longest crack with thermsl
cycling in Ladish D-11 steel samples of hardness
Re 48 and 40
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Fig. 27{(a)=-A thin, adherent oxide film formed

jn H-11; unpolished surface, 1200 cycles 85X

Fig. 27(b)-Brittle oxide scale and cracking in
4340 steel; unpolished sample, 800 cycles B8X
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(a) 1125 cycles 266X (b) 1250 cycles 266X

(c) 3000 cycles 133X
Fig. 28-(a) Initiation of & microcrack; (b) propa-
gation of microcrack; (c) large macrocrack
formed in H-11, Note the sharp tip of crack
in (a)=(ec). All these photographs are of the

same crack after different number of cycles,
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(a) 2200 cycles 7X (b) 3000 cycles 5X

(e¢) 3400 cycles 5X (d) 4200 eycles 5X

Fig, 29=-Propagation of thermal fatigue cracks
with further eycling in H-11



‘ig. 30=Propagation of the longest crack with thermal
cyecling in AIST H-11 steel
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.&. 31=Cumulative number of cracks versus crack length
at different stages of thermal cycling in AISI
H~11 steel
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(a) 1330 cycles 400X (b) 1600 cycles L OOX

(e¢) 2700 cycles 133X
Fig. 32-(a) Initiation of a microcrack; (b) propagation
of the microcrack; (c) a large macrocrack forma-
tion and its branching at an impurity or an

inclusion in H-13
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(a) 2200 cycles 7X (b) 3000 cycles 5X

5X (d) 4200 cycles 5X

(e¢) 3400 cycles
Fig., 33-A sequence of crack lnitiation and propa-
Note the cracks

gation on a macroscale in H-13.

away from the edge in (c¢) and (d) which initiate
at an inclusion or an impurlty acting as a

point of stress concentration.



g. 34-Propagation of the longest crack with thermal

cycling in AIST H-=13 steel

ok



CRACK LENGTH, mm

|.0 v ' ' v L ! 7 T _ T L T T
09 | AISI H-13 STEEL

08 |
07 }
06 |
05 |

04 |

AC ==z, 00366 mm /cycle

02t

0.1

O ke 3 i i A i L ' 1 L i i
1000 1500 2000 2500 3000 3500 4000

NUMBER OF CYCLES

66



L& .

35-Cumulative number of cracks versus crack length
at different stages of thermal cycling in AISI H-13

steel
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In general, H-l11l and H-13 have the same composition
cept that vanadium is increaesed from 0.5 to 1.0 percent
H-13, This increases the wear resistance of the steel,
is obvious from above data, H-13 gave slightly better
slstance to thermal fatigue than H-11, The behavior of
th steels was found to be very similar in all the experi-
nts which is also borne out from similarity of photo-

aphs and graphs shown for both steels,

H-21 Die Steel

Heat Treatment

Austenitized at 2150°F for 15 minutes and air quencheqd.
Double tempered at 1120°F for 2 + 2 hours,
Hardness
Hardness of the samples as recelved - Rec 22
Hardness after heat treatment - Rc 49

Thermal Cycling

Heating time per cycle - 2.6 seconds
Cooling time per cycle - 19 seconds
. Results

Number of cycles for crack initiation - 1600



TABLE IX

S9

CRACK PROPAGATION WITH THERMAL CYCLING IN H~-21 STEEL

mber of Crack length, mn Number of Crack length, mm
Cycles Cycles
1600 .20 3400 .92, .73, .63, .61,
.60, .57, .55, .53,
1725 .21 ak(2), a3, a2,
4 .39, .38, .37, .36,
1925 .30, .15, .10(&4), .35, .30(2), .28,
.08, .07 .26, .25, 23, .20(2),
17, .16, 15(2)
- 2100 .32, ,18, .12(2), J12(2), .10(2),
.11(2), 10(2) .08(3)
. 08, 07. 06(5),
05(2) J0h(2) 3800 1,07, .80, .73, .70,
0691 » ] '6Ol '59’
24B0 453 '333 '25 '55' -51 .50. '1'1'9!
.22(2), .20(2), e 43, Lo, .38(2),
.19(2), .18, .17, .37, 35(2) .30(2),
'14(2)' 12(2)’ -29(2)’ 27'
.09(2), .08, .25, 20(2), .19(2),
.05(2), .0@. .18, .17, .16,
.03(2), .02(2) .10(2)
2600 . 5%, .42, .38, .35, k200 1.26, .85, .80, .79,
.31'", c32; '30’ 27! .70, 0691 -67) '58!
.26, .25, .2hk, .23, .55, .53, .51,
22(2), t21, .20, AL9(2), 47, .46,
S19(2). .18(4), .17, 45, b, .43, .bo,
.15, 12(2). 10(4). .37, .36, .35, .34.
.08. .06, 05(2). .33, .32, .30(3),
. 04 .29, .28, .25, .20(2),
.19, .16, .14
3000 .72, .57, .52, .48,
n7, A6, 43, L2,
.38(2), .35, .33,
-32(2), 1301 -28(2))
.27(2), .26, .25,
.23, .21, .20(2),
.16, .15, .14, .13
J10(2), 05, .08(2)
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}iscussion of Hesults

An oxide coating, thicker than in the case of H-11l and
} steels, is formed in thls steel within first few
lred eycles, A typical phenomenon in the oxidation
racteristics of thls steel was observed which the author
2ad to Investigate in great detall and came up with the
lowing conelusions,

Long, thin, crack-like streaks are formed in the
je coating during initial eycling {(Fig. 36a). But when
sample 1s polished on the fine wheel, no cracks are
erved on the metal surface, These superfluous cracks
the top oxide layer are observed even up to 1525 cycles,
h no resultant cracking in the metal, as can be seen
m Figs, 36b-c., The cracking in the metal starts only
about 1600 cycles and then the crack propagation in
r metal proceeds in a manner observed in H-11l, H-13 and
er steels tested, The crack propagation on the micro-
yple secale 1s clearly obvious from Figs. 36d-#. It is
irefore the authort's conclusion that if the oxide layer
not removed from the top, thls steel shows better
sistance to thermal fatigue cracking than H-11 and H-13
Caution must be taken in not interpreting the

2 steels,

Ltial superfluous cracks in the oxide layer as the cracks

the metal,
Crack propagation with further oycling on a macroscale

illustrated in Fig. 37a-d., Very sharp tipped and thin
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) 450 cycles, unpolished (b) 1525 cycles, partly

65X
polished 266X

(¢) 1525 cycles, fully polished 133X

iee next page for caption
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(d) 1725 cycles 266X

(e) 2100 cycles 266X

g. 36 (a)=-(e) Crack-like streaks are formed in oxide film
during early stages of cycling in H-21 but disappear

on polishing; (d) shows the actual crack formed in the

metal which propagates on further cycling as in (e).
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zks are formed up to 3000 ecycles and then these cracks
pagate radially inwards and also open up in width near
Specimen edge, A comparlison of these photographs with
se of H-ll and H-13 steels (Figs. 29, 33) eclearly indicates
t eracks are comparatively narrower in this steel,
The rate of propagation of the longest crack has been
tted in Fig. 38, Immediately after appearance of the
st erack, at 1600 cycles, more cracks appear and slso
existing cracks propagate up to about 2400 cycles (see
o Table IX). After 2400 cycles, not many new cracks
t ereated but all the previously created cracks propagate
a linear manner, Becsuse of both crack creatlion and
pagation between 1600-2600 cycles, the curve shows
.ghtly smaller slope than the later linear reglion after
JO eycles., The crack propagation rate 1n the linear

tion is about 0,000450mm per cyecle,
Fig. 39 shows the graph between cumulative number of

rweks and crack lengths at different stages of cycling.
3 graph clearly points out that all the cracks at different
1ges of eocyeling behave in an identical manner and that

2 crack lengths ilncrease continuously with further cycling.

-

Maraging Steel

Heat Treatment

Aged at Q00°F for 3 hours
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r., 38~-Propagation of the longest crack with thermal
eycling in AISI H-21 steel
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;. 39-Cumulative number of cracks versus crack length
at different stages of thermal cycling in AISTI H-21

steel
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h2-Propagation of the longest crack with thermal

cycling in 18% nickel maraging steel



CRACK LENGTH, mm

09 t}

08

07 t

06

0.5 }

04

03}

0.2 t

0.1 ¢

0

MARAGING STEEL
-ﬁ—%=0.00047 ]
mm/cycle
1000 1500 2000 2500 3000 3500 4000 4250

NUMBER OF CYCLES

#1T



115

L3-Cumulative number of cracks versus crack length
at different stages of thermal cycling in 18%

nickel maraging steel
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was observed in H-11l, H-13 and Maraging steels (Figs. 47c-d).
The appearance of microstructures and cracks 1ls in quite
close agreement with Fig., ¢ shown in the literature review
section. |

The appearance of oxide filled crack in Fig. 47a
appears to indicate that these cracks have ceased to propa-
gate, or are propagating very slowly. During the test the
more pronounced cracks can be seen to closenin the heating
stage of the cycle, and open on cooling, and it is clear
thaﬁ the oxide can not fill these cracks compleﬁely. Pro-
gressive oxidation of the walls of the cracks must occur,

and this oxide will tend to give a wedge action on heating.
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V, CONCLUSIONS

. It has proved feasible to develop a testing technigue
hereby the thermal conditions experienced by die steels

n aluninum dle casting dies can be simulated wery closely
n a time cycle comparable to the actual production time,

¥ use of the cycllic thermal fatigue setup to alternately
eat and cool, in a controlled manner, & surface area

hich is small in comparison to the mass of the test speeci-
en, materials have been tested for their tendency to heat
heck,

. The induction heating technique adopted is very simple,
omprehensive and efficient as cqmpared to other heating
iethods and the whole equipment setup 1s very inexpensive,
ecause of the very short time~cycles used, 1t 1s possivle to
valuate a large number of materlals in & relatively short
eriod of time.

b ILadish D-11 steel samples were found to have very low
Xidation and thermal fatigue resistance for the hardness
nd temperature range normally used in aluminum die casting
des. The crack initiastion in samples of hardness RBe 48
tarted at 125 cycles while the rate of crack propagation
nd severity of ecracking was found to be the highest among
11 the steels tested in the present study.
" The method of heating a small portion of the speci-

1en by a gas flame and water gquenching to check thermal
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Fig. 48-Bar chart showing the comparison of the number
of cyecles at the initiation of thermal fatigue

eracking in different steels tested in the present
investigation
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range,

The results of the above four steels indicate that
steels with better physical and mechanical properties at
elevated temperatures show higher reslstance to thermal
fatigue.

6, Experimental investigations on samples of (L) D-11 of
hardness Re 48 and Rc 40 revealed that the crack initiation
started earlier and the rate of crack propagation was higherxr
in samples of lower hardness values. The general behavior
of crack initiation and propagation was quite similar, It
can thus be concluded that in general, the lower initial
hardness gives lower thermal fatligue reslstance.

7. The thermal fatigue cracks initiate at the points of
maximum sStress concentration caused by altermate heating
and cooling cycles and at any incluslion present on the
specimen surface. The cracks propagate radially inwards
and axlally downwards in the cylindrical test specimen with
increasing number of cycles. During the initial stages of
cycling, new cracks are initilated at more and more places
while the prior existing cracks continue to propagate, But
after a certain numbexr of cycles, depending on the charac-
teristic properties of the steel undexr investigation, crack
initiation becomes negliglbly small while the crack propa-
gation proceeds almost linearly at a higher rate, Also,
branching and intersection of cracks occur, leading to

formation of heat checks and plts. A still further cycling
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of the steel would lead to a catastropic failure,

Almost all the cracks look straight, having a sharp
tip and slightly larger width near the specimen edge. The
walls of the cracks are oxide 11ned because of the tests
being carried out in air. Progressive oxidation of the walls
of the cracks occurs with further cycling and the oxide
tends to glve a wedge action on heating and causes further
propagation,

Microstructural study of all the steels tested revealed
that the thermal fatigue cracks were transcrystalline in
nature as evidenced by the photographs presented earlier.

The appearance of thermal fatigue cracks and their
mechanlism of propagation seem to have confirmed the work
of some earlier authors in this field.(4'8'9'13'18'19)

8. The seriles of photographs presented in the present
work act as a clear evidence of behavior of varlious steels
when subjected to different stages of thermal cycling. The
photomicrographs show the mechanism of thermal fatigue
crack initiation and propagation of individual cracks,

The photomacrographs indicate a general trend of cracking
which acts as a better gulde for comparison of thermal
fatigue resistance of steels under investigation for all

practical purposes,
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VI. SUGGESTED FURTHER RESEARCH

The presently developed technique for evaluating
thermal fatigue of dile steels for aluminum dlie casting
:an be used very effectively for testing other materisals
>f interest,

It is suggested that the potential die materials
for zinc, magnesium, brass and the presently being talked
ibout ferrous dile casting be studied essentially on the
similar lines as in the present study. Also, thermal
fatlgue testing of stalnless steels and other wildely used
ppterials under temperature conditions different from those
ased in the present investigation, 1s another possible
irea of furthexr research,

Present induction heating technigue will also prove
7ery helpful for investigating the thermal fatigue fallure
> materials under controlled atmospheres and under different

3100l1ling medis.
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