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ABSTRACT

The development of new materials and cost effective processes are two main factors that have
contributed to the growth of PM parts during the last decade. Sinter-hardening , which utilissshigh
performance materids in combination with an accderated post sintering cooling rete, is one example
of such materiad and process development. As thistechnique is aone step process it combines good
meanufacturing economy with the ability to achieve a unique combination of mechanica properties.

By controlling the post sintering cooling rate, the microstructure can be manipulated to form the
required amount of martendte to obtain the desired mechanical properties. Alloying dements such as
molybdenum, chromium, nickel and copper dl promote hardenability. By increasing the hardenability
of the materid 4ill large amounts of martendte can be obtained adso a dower cooling rates.

In this paper anumber of different PM materids are evauated after anter-hardening. The influence
of aloying system and cooling rate on both microstructure and mechanica properties will be
discussed.

INTRODUCTION

Sinter-hardening is a one step process that combines good manufacturing economy with the ability to
achieve a unique combination of mechanica properties (1,2). By controlling the post sintering cooling
rate, the microstructure can be manipulated to form the required amount of martensite to obtain the
desred mechanical properties. A materia with high hardenability isonein which austenite is able to
transform to martenste without forming pearlite, even when the rate of cooling israther dow. By
dloying the materids, the hardenability increases and more martengite can be produced at smilar
coaling rates and thereby increase the mechanicd srength of the parts. Alloying dements such as
molybdenum, copper, nicke and chromium al promote hardenability and are dl utilised in the
materias described in this paper.



It isimportant to remember that in addition to composition and microstructure, density plays an
important role in the determination of properties. It isawell known fact that increases in dendty
ggnificantly improve the materia properties. As dendty levels are increased, not only do hardness
and strength vaues increase, but ductility vaues such as tensile dongation and impact properties are
increased dramaticaly. Therefore the different materials described in this paper were evaluated at
two density levels, 7.0-7,1 glen® and 7.2-7,3 glen, to compare the properties obtained after sinter
hardening.

EXPERIMENTAL PROCEDURE

Materials

In order to evauate the effect of cooling rate on the performance of severa materias compostion
and, eight different powder mixes were made. The base powders used for the mixes were two
diffuson aloyed powders, D.DC-1 and D.DH-1 and two pre-aloyed powders Astdoy A and
Astaloy CrM. The D.DC-1 powder is based on afully pre-aloyed powder with 1,5% Mo to which
2% Ni has been diffuson aloyed. D.DH-1 is based on the same prealloyed powder but is diffuson
aloyed with 2% Cu. Astdoy A isafully pre-aloyed powders with 1,9% Ni and 0,5% Mo whereas
Adgdoy CrM isafully pre-alloyed powder containing 3% Cr and 0,5% Mo

The compositions of the mixes prepared are shown in Table 1. In the mixes used for cold
compaction 0.60 % Kenolube was added as lubricant. For warm compaction four different
Densmix powders containing 0,6 % lubricant were prepared The copper admixed to Astaoy A was
-325 mesh dectrolytic copper powder, and the graphite used in dl cases was UF-4 from
Kropfmuhl.

Table 1. Compositions of the powder mixes used.

Powder Ni Cu Mo Cr Gr. Lub. Lub.
% % % % % % %
Cold Warm
D.DC-1 2,0 15 0,7 0,6 0,6
D. DH-1 2,0 15 0,7 0,6 0,6
Adgaoy A 1,90 2,0 0,5 0,7 0,6 0,6
Agtaoy CrM 0,5 3,0 04 0,6 0,6

Processing conditions

The processing conditions used to produce the test specimens are shown in Table 2 below. The
specimens, tensile test bars and impact energy bars according to SO standards were compacted in
a Tonitechnik 100 ton, semi-automatic laboratory press, to two different density levels, 7.10 g/en?®
by conventional compaction and 7.30 g/cn by using warm compaction. It isimportant to notice that
the compaction pressure required to reach the desired dengty levels will vary considerably with the
base material selected.

Sintering was carried out in alaboratory sntering furnace from Abbott equipped with VARICOOL
post sintering cooling system to be able to accelerate the cooling capabilities of the continuous belt
furnace to the desired cooling rate. The sintering temperature used was set to 1120 °C (2050 °F).
Sintering time was 30 min a temperature and the atmosphere used was 90/10 mix of nitrogen and
hydrogen. Two different cooling rates settings were used, 10 Hz and 60 Hz respectively. The 60 Hz
Setting represents the maximum cooling capability of the VARICOOL system.

After gntering tempering was carried out a 200 C ( 390 F) for 60 minutesin air.

Table 2. Processing conditions used to produce test specimens.
| Powder | D.DC-1 | D.DH-1 | AstaloyA | AstaloyCrM |




Compaction

Pressure, MPa/ ts

Cold (GD 7,00) 600/ 45 600 / 45 725152 725/ 52
Warm (GD 7,30) 725/ 52 725/ 52 900/ 64 900/ 64
Sntering

Temperature, °C/ °F 1120/ 2050 1120/ 2050 1120/ 2050 1120/ 2050
Time min 30 30 30 30
Atmosphere 90N, /10 H, 90N, /10 H, 90N, /10 H, 90N, /10 H,
Cooling rate, Hz 10 10 10 10

60 60 60 60

Tempering

Temperature, °C/ °F 200/ 390 200/ 390 200/ 390 200/ 390
Time min 60 60 60 60
Atmosphere Air Air Air Air
Testing

After the final tempering operation, apparent hardness measurements were performed on the surface
of the specimens using a Rockwd | hardness tester. Al of the testing was performed on the Rockwell
C scdefor comparison purposes. Tendle testing was performed in aMTS Sintech 20D tensle
testing machine. The gauge length was 25 mm (1 inch) and the specimens were pulled a Imm/min.
Impact energy tests were carried out in a Charpy tester

M etallogr aphy

The tendle bars were sectioned and prepared for metallographic analysis. Photomicrographs were
taken of the structures after etching in Pikral 4% for the D.DC-1 and D.DH-1 and etchant 3.3 for
the other materials. The martendite and bainite content was determined utilizing point count andyss.
This andysis technique included the porosity as a portion of the total microstructure. The reported
percentages were corrected for the porosity present in the materials.

RESULTS AND DISCUSSION

Green and sintered density

The green and sintered densities obtained for the four materias after conventiona cold compaction
and sntering are shown in Table 3. As can be seen the dengity obtained after compaction is 7,00
g/en for dl powders. However after sintering the materials show two groups regarding the density.
Onefor D.DC-1 and Astaloy CrM  which both achieve adensity in arange of 7.06-7.10 g/cnt

while the other group conssting of D.DH-1 and Astaloy A/ 2Cu

obtain about 0.10 g/cn® lower density, 6,96-6,97 g/cnt. The different behaviour of the materids
during sintering will be discussed in more detail in the dimensiond change part later in this paper.

Table 3. Green and sintered dendities obtained after cold compaction

Powder D.DC-1 | D.DH-1 | Astaloy A Astaloy CrM
Green dengity, g/lcm3 7,00 7,00 7,00 7,00
Sintered density, g/lcm3

10 Hz 7,10 6,96 6,97 7,06

60 Hz 7,09 6,96 6,97 7,06

The green and sintered densities obtained after warm compaction and sintering are shown in Table 4
below. It can be seen that the density obtained after warm compaction is 7,30 g/cn for al powders.
Also in this case two groups regarding dengties are formed after sintering. D.DC-1 and Agtaloy



CrM both achieved adensity of 7,30 g/cn? while D.DH-1 and Astaloy A/ 2Cu obtained about
0.10 g/ent lower density, 7,19-7,20 g/en.

From the results it is o clear that the difference in cooling rate has no influence on the dengty for
any of the materids.

Table 4. Green and sintered densities obtained after warm compaction

Powder D.DC-1 | D.DH-1 | AstaloyA | Agaloy CrM
Green dengity, g/lcm3 7,30 7,30 7,30 7,30
Sintered dendity, g/cm3

10 Hz 7,31 7,20 7,20 7,30

60 Hz 7,30 7,21 7,19 7,30

Dimensional change

The dimensiond change obtained for the four materials during sintering is shown in Table 5. Ascan
be seen the materials based on D.DH-1 and Astdoy A /2Cu show a swelling of about 0,2-0,3 %
depending on the processing conditions. Thisis due to dloying with copper Cu which promotes
growth during sintering. Regarding D.DC-1 and Astaloy CrM  they both show a dight shrinkage
during Sntering. The shrinkage is lso more insengtive to the processing conditions compared to the
two materials containing copper.

Table 5. Effect of processng conditions on dimensond change

Processing conditions Material

Compaction | Coodling |D.DC-1| D.DH-1 | Astaloy A | Astaloy CrM

mode rate
Dimensond | Cold 10Hz | -0,06 0,16 0,28 -0,10
change, % 60Hz | -0,05 0,20 0,30 -0,08
Dimensond |Warm 10Hz | -0,24 0,31 0,33 -0,08
change, % 60Hz | -0,07 0,35 0,36 -0,05

Hardness

The gpparent hardness obtained with different cooling rates for the conventional cold compacted
materids are shown in Table 6. The two copper containing materials have achieved a higher
hardness compared to the D.DC-1 and Astaloy CrM based materias at the lower cooling rate
settings of 10Hz. The difference in hardness levels can be explained by the microstructures obtained
and will be described later in this paper. At the higher cooling rate 60 Hz al materials obtained a
sgnificantly higher hardness level which isdso smilar for the four different materids. The increasein
hardness level obtained by the increased cooling rate is due to the high martensite content formed at
this cooling condition. The dightly lower hardness levels obtained with the Addoy CrM materid is
due to the lower carbon content.

Table 6. Hardness of cold compacted samples after Sntering and tempering

Cooling rate Material
D.DC-1 | D.DH-1 | Astaloy A | Astaloy CrM
Hardness, HRC 10 Hz 25 30 34 24
Hardness, HRC 60 Hz 40 37 37 35

The hardness obtained with different cooling rates for the warm compacted materids are shown in
Table 7. Also in this case the two copper containing materials achieved a higher hardness levd &t the



lower cooling rate setting compared to the copper free materias. At the higher cooling rate dl
meaterids obtained a sgnificantly higher hardnesslevd. The highest hardness levels were obtained for
the two diffuson aloyed materiads. The Astdoy A based materid showed the smalest increase but
had on the other hand a higher hardness than the other materias dready &t the lower cooling rate
setting. The hardness levels obtained for Astaloy CrM is about the same as for the Astaloy A based
materid but dightly lower than the hardness of the two diffuson dloyed maeriads Thisis mainly due
to the low carbon content of the material. The influence of carbon content on the properties of
Agtaoy CrM will be discussed below.

Table 7. Hardness of warm compacted samples after Sntering and tempering

Cooling rate Material
D.DC-1 | D.DH-1 | Astaloy A | Astaloy CrM
Hardness, HRC 10Hz 30 36 36 29
Hardness, HRC 60 Hz 45 44 39 40

A comparison of the hardness levels obtained a the two different density levelsis shown in Figure 1
for the lower cooling rate setting, 10 Hz, and in Figure 2 for the higher one at 60 Hz. As can be seen
the hardness has increased for al materids a both cooling conditions when the density isincreased
which isto be expected.

7,0-7-1 7,2-7,3 | 7,0-7-1 7,2-7,3
Hardness, HRC Hardness, HRC
50 50

D.DC-1 D.DH-1 Astaloy A Astaloy CrM D.DC-1 D.DH-1 Astaloy A Astaloy CrM
Material Material

Figure 1. Hardness at different dengity levels  Figure 2. Hardness a different dengity levels after
low cooling rate setting of 10 Hz after high cooling rate setting of 60 Hz

Effect of carbon content in Astaloy CrM

The influence of carbon content on the properties of Astdoy CrM is showed in Figure 3. The
hardness val ues are obtained for the lower density level of 7,1 g/en® and the lower cooling rate
Setting. As can be seen the hardness increased from about 24 HRC at 0,35%C to 45 HRC at a
carbon content of 0,55 %.

0 Hardness, HRC
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Figure 3. Effect of cabon content 2
on hardness of Astaloy CrM wf
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The mechanica properties obtained after C/° | Teble 8 for the

conventionally cold compacted powders. It can be seen that both the ultimeate tensile srength and the



0.2% offset yidd strength vaues for dl materids showed increased levels with increasing cooling
rate. The tengle strength increased about 20% from 752 to 897 MPa (107,000 to 128,000 psi) for
D.DC-1 and more than 30% from 817 to 1078 MPa (117,000 to 154,000 ps) for the Astdoy
CrM materid which reached a very high tensle strength leve at the high cooling rate setting. For the
D.DH-1 and Agtdoy A based materias the increase in tendle strength were much smaller, 5 and 2
% respectively. On the other hand the tensile strength levels for these two materias, especidly
Adgdoy A ,were higher at the lower cooling rate setting compared to D.DC-1 and Astaloy CrM.

The increase in cooling rate resulted in improvements in yied strength from 597 to 840 M Pa (85,000
to 120,000 ps) or 24% for the D.DC-1 based materia and more than 40 % for the Astaloy CrM
material, from 638 to 898 MPa (91,000 to 128,000 ps). Theincreasein yied strength was smdler
for the D.DH-1 and Astaloy A based materias, 19 and 10% respectively.

All four materials show smilar yield strength levels, about 840 900 M Pa (120,000 to 128,000 pd)
when cooled at the higher cooling rate setting. Similar to the tensile Strength results the Agtaoy A
based materia showed the highest yidd strength at the lower cooling condition.

Regarding e ongation Agdoy CrM showed the highest value of dl materids a the lower cooling

rate, 1%. D.DC-1 obtained 0,8% and the other two materials about 0,5%. At the higher cooling rate
setting of 60 Hz the eongation dropped for dl materias. Still the Astdoy CrM materid showed the
highest vaue, 0,6%.

By comparing the impact energies obtained for the four materiasit can be seen that the

D.DC-1, D.DH-1 and Astaloy A based materids achieved about the same level, 14-16 J (8,8-9,3
ft/lbf ) a the two different cooling conditions while Astaloy CrM obtained the highest values. The
impact energy at the lower cooling rate was 18 J ( 11,0 ft/lIbf) and decreased to 16,8 J ( 10,1 ft/Ibf)
at the higher cooling condition.

Table 8. Mechanica properties of cold compacted samples after Sntering and tempering

Material D.DC-1 | D.DH-1 | Astaloy A | Agtaloy CrM
Coolingrate 10 Hz

Sintered density, g/cnt 7,10 6,96 6,97 7,06
Dimensiond change, % -0,08 0,15 0,29 -0,10
Tensle strength, MPa/ ksi 7521107 | 866/124 | 930/133 817/ 117
Yield strength, MPa/ ks 597/85 | 746/106 | 797/114 638/91
Elongation, % 0,8 0,5 0,4 1,0
Impact energy, J/ ft/Ibf 146/88 | 150/9,0 | 145/87 18,2/11,0
Cooling rate 60 Hz

Sintered density, g/ent 7,09 6,96 6,98 7,06
Dimensiond change, % -0,05 0,20 0,30 -0,08
Tendle strength, MPa/ ks 897/128 | 911/130 | 947/135 1078/ 154
Yield strength, MPa/ ks 840/120 | 885/126 | 879/126 898/ 128
Elongation, % 0,3 0,3 0,3 0,6
Impact energy, J/ ft/Ibf 149/9,0| 146/88 | 155/93 16,8/10,1

In Table 9 the mechanica properties for the warm compacted powders after Sntering and different
cooling conditions are shown. As can be seen the trends are smilar to the ones described for the
cold compacted materids. However the tendle and yield strength levels are consderably higher for
al materidsin this case. Thisis due to the higher densities obtained with warm compaction.



Table 9. Mechanical properties of warm compacted samples after Sntering and tempering

Material D.DC-1 | D.DH-1 | Astaloy A | Astaloy CrM
Coolingrate 10 Hz

Sintered density, g/cnt 7,30 7,20 7,20 7,30
Dimengond change, % -0,14 0,31 0,33 -0,08
Tensle strength, MPa/ ksi 967/138 | 1102/157 | 1001/143 | 969/138
Yield strength, MPa/ ks 700/100 | 836/119 | 865/124 729/ 104
Elongation, % 15 0,9 0,5 1,3
Impact energy, J/ ft/lbf 232/14,0| 21,1/12,7| 195/11,7| 15,0/9,0
Cooling rate 60 Hz

Sintered density, g/cnt® 7,30 7,21 7,19 7,30
Dimensiond change, % -0,07 0,36 0,36 -0,05
Tendle srength, MPa/ ksi 1234/176 | 1214/173 | 1163/166 | 1264/ 181
Yield strength, MPa/ ks 1075/ 154 | 1093/ 156 | 1053/150 | 1046/ 149
Elongetion, % 0,5 0,4 04 0,7
Impact energy, J/ ft/Ibf 22,0/133| 175/105| 180/10,8| 141/85

The tensile strength increased about 25% from 967 to 1234 MPa (138,000 to 176,000 ps) for
D.DC-1 and more than 30% for the Astaloy CrM materia from 969 to 1264 MPa (138,000 to
181,000 ps) when the cooling rate was increased. The D.Dh-1 based materid achieved atendle
strength of about 1100 MPa (157,000 ps) dready at the lower cooling rate setting of 10 Hz and
increase with about 100 MPato 1214 MPa (173,000 ps ) when the cooling rate was increased.
The tengle strength of the Astaloy A based materia increased about 15 % from 1000 MPa
(143,000 psi) to 1163 MPa (166,000 ps).

By increasing the cooling rate yield strength was increased for dl four materids to about the same
high levels of 1050-1100 MPa (150,000 to 156,000 ps). The increase was largest for the D.DC-1
and Astaloy CrM based materids, 53 and 43% respectively. At the lower cooling rate setting
Agdoy A and D.DH-1 obtained the highest yield strength levels.

Regarding elongation D.DC-1 and Astaloy CrM showed the highest values, 1,5% and 1,3%
respectively, compared to 0,9 and 0,5 % for the D.DH-1 and Astaloy A based materids at the
lower cooling rate. At the higher cooling rate setting the el ongation dropped for al materidsto alevel
of about 0,5%.

By comparing the impact energies obtained for the four materidsit can be seen thet the

D.DC-1, D.DH-1 based materids achieved the highest levels, 23,2 and 21,1 J (14,0 and 12,7 ft/lbf
) respectively a the lower cooling condition. These high leves of impact energy is due to the dengty
and to the microstructure obtained after sintering. The Astaloy A based material showed 19,5 J
(11,7 ft/Ibf ) while Astdoy CrM obtained the lowest vaue, 15,0 J ( 9,0 ft/Ibf).

At the higher cooling rate setting dl materids show a drop in impact energy. However the D.DC-1
based materid ill show avery high level 22 J (13,3 ft/lbf). D.DH-1 and Astaloy A show a decrease
to 17,5 and 18 J (10,5 and 10,8 ft/Ibf) respectively while Astaloy CrM decreased to 14,1 J (8,5
ft/lbf). The high level obtained for D.DC-1 is due to both density and microgiructure which will be
discussed in the next part.



MICROSTRUCTURES

Photomicrographs of the microstructures obtained for the four materials are shown in Figures 3-6.
All photomicrographs show the materids at the lower density level 7,0-7,1 g/cm3 at the two different
cooling rate settings 10 and 60 Hz. By comparing the microstructures achieved with the two different
cooling rates for each materid it is clear that the amount of martensite present has incressed
sgnificantly with the increase in cooling rate. The effect of the increased martensite content in the
microstructure is gpparent in the hardness values obtained for each of the materials as dready
described above. The higher levels of martendite present in the microstructure dso explain the
increase in tendle and yield strength as well as the decrease in eongation and impact energy.

B YBT gk .
D.DC-1 7,10 g/cm3, 10 Hz D.DC-1 7,10 g/cm3, 60 Hz
Figure 3. Microgtructures of D.DC-1 at different cooling rates

Adgdoy CrM 7,10 g/cm3, 10 Hz

Figure 5. Microstructures of Agtdoy A/ 2Cu a different cooling rates
HQgure b. IMICroSiructures or ASlaloy Crivi & aifTerent cooling rates



The amount of the different phases present in each materia have aso been determined and the result
is presented in Table 10. By comparing the results at the lower density level 7,0-7,10 g/lcm3 and the
lower cooling rate setting ( 10 Hz) firgt it can be seen that the four different materias show big
differences regarding the amount of bainite and matrtensite present in the microstructure. The D.DC-
1 materia contained ~75% bainite and ~25 % martensite and about 1-2 % of retained augtenite due
to remaining areas with high nickel content. Thisisaresult of the diffusion aloying of Ni and the too
short dntering time to create a homogeneous distribution of Ni in the materid. The D.DH-1 based
materia show ahigher amount of martensite, ~60 %, and ~40% bainite and consequently the
hardness vaues are higher than for D.DC-1. The Astdoy A based materia show the highest amount
of martengite, ~85 %, of al materias at this cooling condition and ~15 % of banite. Thisexplains
why the hardness level of this materid achieved the highest vaues at this cooling rate setting. Astaoy
CrM showed the lowest amount of martendite, ~15%, a the low cooling condition and about 90 %
of bainite. This explains the low hardness values obtained and is due to the low carbon content as
aready discussed above.

Table 10. Effect of cooling rate on amount of martendte and bainite

Density, |Cooling | Microgtructure Material
gem3 rate
D.DC-1|D.DH-1| Astaloy A | Astaloy CrM
10 Hz Bainite% 75 40 15 90
7,0-7,1 Martensite, % 25 60 85 10
60 Hz Bainite% 1 0 2 0
Martensite, % 99 100 98 100
10 Hz Banite % 75 35 15 90
7,2-7,3 Martensite, % 25 65 85 10
60 Hz Bainite % 1 0 1 0
Martendite, % 99 100 99 100

Regarding the microstructures obtained for the four materias at the higher cooling rate settings at 60
Hz it can be seen that the amount of martensite present has increased sgnificantly in each materia
with the increase in cooling rate. For the D.DH-1 and Astaloy CrM based materidsthe
microstructure is completely martengitic and for the D.DC-1 and Astaloy A based materid thereis
1-2 % of bainite remaining. The D.DC-1 materid aso contains some nicke rich areas which remains
as white spots in the microstructure and consists of retained augtenite. The formation of amore or
less martengitic structure is gpparent in the hardness vaues obtained for each of the materias as
aready described. The higher levels of martengite present in the microstructure also explain the
increase in tendle and yield strength for al materials as described earlier as well asthe decreasein
elongation and impact energy.

Table 10 aso shows the result of the phase andlysis carried out for the specimens at the higher
density level. As can be seen the amount of the different phases are dmost the same as the amounts
obtained a the lower density leve for dl materids. Therefore it can be concluded that the dendty
does not have any sgnificant influence on the microstucture at the dengity levels studied.

Phase amount ver sus cooling rate for D.DH-1
An interesting question is what the cooling rate settings 10 and 60 Hz of the VAARICOOL system

correspond toin °C/ sec. This question can be answered by comparing the results from the actual
phase amount andys's described previoudy with available phase amounts diagram derived from



CCT diagrams and andlysis of samples cooled at different rates usng a dilatometer. In Figure 7
below such a phase amount diagram for D.DH-1 is shown (3). As aready described the lower
setting at 10 Hz resulted in amicrogtructure containing ~60% martensite and 40 % bainite. By
comparing these vaues with the lines derived for the amounts of martensite and bainite respectively in
the diagram it can be concluded that the 10 Hz setting corresponds to a cooling rate of ~2°C /
second (~4°F/s=c). Doing the same with the result of the phase analysis from the 60 Hz setting show
that this corresponds to a cooling rate of 5-6°C/sec (10-12°F /sec).

100
\\ E—
% i‘i\ 60Hz
8 N N | 100 %Martensite
o 7 0% Bainite
60 /

50 |

40

Phase amount (%)

\"-
2 / N —--5.._~> 10Hz
2 / 60 % Martensite
10 40 % Bainite

0,1 Coolinglrate (°C/s) 10

= Ferrite Bainite Martensite

Fig.7 Effect of cooling rate on microgtructure of D.DH-1

CONCLUSIONS

The effect of post Sntering cooling rate on microstructure and the resulting mechanica properties of
the two diffuson aloyed materias D.DC-1 and D.DH-1 and two fully pre-aloyed materids Astaoy
A with 2% Cu addition and Astaloy CrM can be summarised as follows:

All four materids are suitable for sinter hardening especidly at higher cooling rate settings
corresponding to cooling rates higher than 3-4 °C/ sec (5-7°F /sec)..

At lower cooling rates 1-2 °C/ sec (2-4°F /s=c) the Astdoy A / 29%Cu materid show the highest
vaues regarding hardness and strength.at both density levels sudied which is due to the high
martensite content achieved in the microgiructure,

Asthe cooling rate was increased the gpparent hardness increased for al materids. Thiswas
associated with higher martensite contents in the faster cooled materids. Martensite contents of
100% were found in Astaloy CrM and D.DH-1 and about 98 % in the D.DC-1 and Astaloy A
based materids when maximum cooling rate was utilized.

Accelerated cooling resulted in increased tensle and yidd strength values. At the high cooling rate
SHting, 60 Hz, tendle strength levels exceeding 1200 M Pa were obtained for the diffuson aloyed
materials and for Astaloy CrM. At this cooling rate yield strength between 1000 and 1100 MPa
were obtained for dl materias.

To fully utilise the beneficid effect of chromium as an dloying dement in dnter hardening it is
recommended to use a carbon content of 0,4-0,6%. At the higher carbon level the cooling rate does
not have to be more than 0,5-1,0 °C/sec (1-2°F/sec) to reach hardness levels exceeding 35 HRC

The D.DC-1 based material shows avery good combination of hardness, tensile and yied strength
with high impact energy at the higher dengity leve of 7,30 g/em3.
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