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Abstract: A large rumber of PM applications require sintered components capable of withstanding high
operational gtatic and dynamic stiresses. High sintered dendity is one of the key parameters to enhance
dynamic properties together with appropriate microgtructure. Low aloy Mo-steel powders present
interesting atributes snce this dloying dement only dightly affects powder compressibility and isvery
efficient to increase hardenability and hence mechanica properties. Furthermore, key elements such as Ni
and Cu admixed to the base sted powder or diffusion bonded to the sted particles during the annesling
trestment aso improves the mechanicad properties through modification of the microgtructure. This paper
illustrates the tensile and dynamic properties of low aloy stedl powders containing various levels of pre
aloyed molybdenum. The effect of either admixing or diffuson bounding Ni and Cu to these Mo-gedsis
a0 discussed particularly with respect to axia fatigue properties and strength. Comparison with results
obtained with other types of fatigue specimens and/or testing methods is aso presented.

I ntroduction

The object of this study wasto evauate the influence of the level of Mo in sted powders from 0.5 to 1.5%
on the tendle and dynamic properties of mxes containing 4% Ni, 1.5% Cu and 0.6% graphite at 7.0 g/cm.

Particular attention was paid to the axia fatigue properties. In particular, the SN curves and the fatigue
limit a 10’ cycles were determined for five different mixes. A second objective of this study wasto verify
if the particle size of the admixed copper has an effect on the tendle and fatigue properties of such mixes.
Indeed, it is known that the copper affects the Sze of porosity, which in turn affects the fatigue performance
of dntered components [1]. Smaller pore size in association with rounded pores improves the fatigue
performance a a given densty. Both regular and binder-treasted mixes were prepared with a pre-dloyed
0.5% Mo sted powder and containing respectively aregular and afiner copper powder. They were
evaluated and compared to a diffusion-bonded powder based on 0.5% pre-dloyed Mo and with 4%Ni
and 1.5% Cu partidly diffused with stedl particles.

Experimental Procedure

Water atomized pre-aloyed Mo stedl powders containing either 0.5% Mo (ATOMET 4001), 0.85% Mo
(ATOMET 4401) or 1.5% Mo (ATOMET 4901) were selected for this study together with a diffusion
bonded powder, ATOMET DB48 containing 0.5% Mo, 4%Ni and 1.5%Cu. The three pre-adloyed Mo
steel powders were admixed with 4% nickel, 1.5% copper, 0.60% natural graphite and 0.75% wax, while
the diffuson bonded powder was admixed with 0.60% natural graphite and 0.75% wax. A commercia
grade of Cu having an average diameter D, of about 40pum was used in al of these powder mixes. In



addition to these sandard mixes, a binder-trested mix made with the 0.5% Mo steel powder was prepared
by using the QMP patented binder technology [2]. A fine commercia Cu grade having a D, of ~15 to 20
pm was used in this mix. The chemical composition and characterigtics of the pre-aloyed and diffusion-
bonded powders evauated in this study as well as the mixing technique are given in Table 1.

Table 1. Characteristics of the stedl powders and pre-mixes evauated in this study.

Pre-alloyed Diffusion
Mix name/ Typeof elements, elements, Admixed elements, wt% Flow, AD,
Stedl powder mix Wt% wt% s/50g | g/cm3
Mo | Mn Ni Cu Ni Cu Graphite
R-0.5Mo 15
(ATOMET 4001) Regular 05 | 015 - - 4.0 (reg) 0.6 370 3.02
BT-0.5Mo Binder- 15
(ATOMET 4001) treated 05 | 015 - - 4.0 (fine) 0.6 316 3.09
DB-0.5Mo DB/
(ATOMET DB48) Reqular 05 | 015 39 15 - - 0.6 350 3.05
R-0.85Mo 15
(ATOMET 4401) Regular | 085 | 015 - - 40 (req) 0.6 36.3 3.00
R-1.5Mo 15
(ATOMET 490y | Regular | 15 1 015 | - ™ 06 31 | 308

The mechanicd tests were carried out at a density of 7.0 g/em®. Standard 1S0 flat axid fatigue specimens
were used to evaluate the fatigue properties for dl materids. The fatigue specimens were pressed to 7.0
g/lem, sintered 25 min. at 1120°C in a nitrogen based atmosphere and tempered 60 min. a 205°Cinair,
under the same conditions as the other specimens. Specimens were polished to a smooth finish. Axia
fatigue was tested in afully reversed tenson compression loading mode (R= - 1) with asne waveform. A
sample that survived more than 107 cycles was considered arun-out. The staircase method was used to
determine the mean fatigue limit where 50% of the specimens are expected to survive.

Sintered and tensile properties

Results of the transverse rupture and tensile tests on tempered specimens are summarized in Table 2. After
sintering and tempering, the rupture strength and the apparent hardness initially increased between 0.5 and
0.85% Mo and then leveled off above 0.85% Mo. As expected, the tempering treatment reduced
gpparent hardness and increased TRS for dl the materids.

Anidentica trend was aso observed with the UTS and Y S, which first increased from 0.5 to 0.85% Mo
and then leveled off above 0.85%. The elorpation followed the opposite trend, decreasing from 1.7 to
1.0%, when increasing the Mo content from 0.5% to 1.5%. The reduction in € ongation was more
pronounced between 0.5 and 0.85%.

The sintered and tensile properties of the regular and binder- treated materials made with a 0.5% Mo stedl
powder and a diffusionbonded materid were quite smilar. Sightly higher transverse rupture strength was
obtained with the diffusion-bonded materid. However, there was no significant difference in tensile and
yidd gtrength between these materids. The dongation of the diffuson-bonded powder mixes was aso
dightly lower.



Table 2. Transverse rupture and tensile properties of pre-aloyed Mo sted powders containing 4% Ni,
1.5% Cu and 0.6% graphite at 7.0 g/cm3.

i TRS, |App.Hard,| DCvsdie|DC vsgreen UTS, Elongation,
MixID 1 ypa pElRC size, % size,g% Mpa | Yo MPa 80
R-0.5Mo 1644 20 0.02 -0.14 854 45 1.7
R-0.85Mo 1762 26 0.01 -0.15 924 580 1.2
R-1.5Mo 1791 27 -0.07 -0.23 937 587 1.0
R-0.5Mo 1644 20 0.02 -0.14 854 45 1.7
BT-0.5Mo 1688 21 -0.06 -0.22 845 569 1.6
DB-0.5Mo 1781 2 0.01 -0.17 848 54 1.2

Microstructur e and Por osity

Fig. 1 shows the typica microstructure for the 0.5, 0.85 and 1.5% Mo materias admixed with 4%Ni,
1.5%Cu and 0.6% graphite. The microstructureistypica for this type of formulation, specificaly a
heterogeneous microstructure condtituted of areas with divorced pearlite, fine pearlite/bainite, martensite
and Ni-rich retained augtenite. The microgtructure within the stedl
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Fig.1 Typical microstructure of regular mixes madewith 0.5, 0.85 and 1.5% Mo steel powders
admixed with 4%Ni, 1.5%Cu and 0.6% graphite. (Specimens pressed to 7.0 g/cn®).



particles, where nickd did not diffuse, changed gradudly from divorced pearlite/pearlite/bainite to
bainite/martengite as the amount of Mo increased.

It iswel known that the admixed copper particles melt during sintering a about 1080°C and penetrate into
the sted particles. This diffusion leaves pores behind. The particle size of the copper should therefore
affect the 9ze of the resdud pores. Fig. 2 shows the cumulative pore count frequency as afunction of the
pore length (determined by the maximum size of pores) in sintered specimens dong with micrographs
showing the porosity distribution. Specimens made with materias that were admixed with aregular grade
of copper show asmilar pore frequency digtribution. The longest pores andlyzed in these specimens were
in the range of 190 to 200 um. However, in the binder-trested and diffusionbonded materias, the number
of pores per unit area above 50 um was significantly lower. In fact, the dope of the frequency ditribution
shownin Fig. 2 was significantly steeper for these materias than for the regular mix. Asaresult, the longest
pores observed in sintered specimens were respectively about 140 and 155 pum for the binder-treated and
the diffuson bonded materids. These anadyses clearly show that the grade of copper used has a strong
influence on the pore Sze digribution.
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Fig.2 Variation of the cumulative pore frequency (number of pores per unit area) for theregular, binder-treated
and diffusion-bonded powder s al ong with micrographs showing the porosity.



Fatigueproperties

SN curves (influence of Mo content and type of mix)

Fig. 3ashowsthe SN curves obtained for the regular mixes containing various levels of pre-adloyed Mo
while Fig. 3b shows the SN curvesfor the regular, binder- treated and diffusion-bonded mixes containing
about 0.5% pre-adloyed Mo. Equations of the typelog (S) = A + B*log (N) where Sis the stress
amplitude, N the number of cyclesto reach failure and A and B coefficients was used in thiswork to
characterize the SN curves. It can be seen in Fig. 3athat increasing the Mo content from 0.55 to 0.85%
isclearly beneficid to the fatigue properties by shifting the S N curves upward or to theright. However,
no significant difference in the response to the cyclic loading was found between 0.85 and 1.5% Mo, both
ded powders giving dmost identical SN curves.

No essentid difference in the SN curves was seen for the 0.5% Mo series, Fig. 3b. Both the regular and
binder- treated mixes gave dmost identica SN curves while the SN curve for the DB-0.5 Mo materia
was shifted dightly upward or to theright. The average number of cyclesto falure for agiven stress
amplitude was lower for al of the 0.5% Mo series materids compared to the 0.85 and 1.5% Mo series. It
is clear based on these results that the use of afiner copper, which resulted in a significantly lower quantity
of pores larger than 50 um, has no significant effect onthe SN curve obtained on specimens pressed to
7.0 g/cme. However, the use of fine copper could be beneficid at higher dendities.

The vaiability of the fatigue-life can be expressed by the standard deviation or the standard error of the S
N curve equations [3]. These values were computed for each materid and are given in Table 3 dong with
the parameters of the equations. The regular mix made with a0.5%Mo sted powder (R-0.5M0) showed
the largest sandard deviation amongst dl the materias tested while the binder-treated materia (BT -
0.5Mo) showed the lowest standard deviation. An F-test showed that the difference in sandard deviation
between both materids was Setistically significant at a confidence limit of 95%. Hence it gppears that the
use of afiner copper, which significantly reduces the number of large pores, combined with binder-
trestment decreases the varidbility in fatigue-life. The differencesin variahility between the binder-treated
mix and the other materials were not large enough to be Satisticaly significant a a 95% confidence leve.
Nonetheless, the F-tests indicated that the probability that there exists a difference between the binder-
treated materia with fine copper and the other materidsis 75% or higher. Moretests would be needed to
clearly confirm if the difference in variaghility is Sgnificant. In the same manner, the differencesin sandard
deviation between the regular 0.5% Mo mix showing the largest variability and the other regular mixes with
0.85 and 1.5% Mo were not large enough to conclude with aleve of confidence of 95% that these
differences were sgnificant. Nevertheless the probability that such differences are significant till remains
high (between 77 and 83%).
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Fig.3 SN curvesobtained at 7.0 g/cm? for Mo steel powder admixed with 4%Ni, 1.5% Cu and 0.6%

400 OROSMo AROSMo OR-L5Mo [T
300 . E .. ......... , .........
200 §- oo @ .........
100 L ‘ ' ' 1

400 OROSMo ABT-05Mo DDB-0SMo [~

300 f---

200

100
1.E+03

1.E+04 1.E+05 1.E+06 1.E+07

Number of Cycles

1.E+08

graphite. a) Effect of molybdenum content. b) Effect of powder manufacturing.

Table 3. Parametersfor the S-N curve equations.

Mix Log(S)=A +B*log(N)
A B Std dev. Rvalue R?value
R-0.5Mo 2.902 01167 00372 0848 0.7479
R-0.85Mo 2.959 -0.1101 00290 09263 0.8581
R-1.5Mo 2976 01111 00297 08829 0.77%
R-0.5Mo 2902 01167 00372 0848 0.7479
BT-0.5Mo 2.847 -0.1037 00227 09657 0.9326
DB-0.5Mo 2.839 -0.0958 00325 093% 0.8752
Fatiguelimit

The axid fatigue limits at 50% and 90% survival as well asthe tensile properties are reported in Table 4.
Fatigue limits at 50 and 90% survivd are dso shown in Fig. 4. Thefatigue limit a 50% surviva ranged
from 170 to 210 MPa, resulting in a fatigue limit to tensile strength ratio of 0.20 to 0.23. Raising the Mo
content from 0.5 to 0.85% was beneficid for the fatigue limit, which increasad from about 175 MPato 210
MPa However afurther incresse to 1.5% Mo did not raise the fatigue endurance, which remained
unchanged at 210 MPa. The higher performance of the 0.85 and 1.5% Mo sted powder islikely dueto
the change in microgtructure fromprimarily pearlite (fine and divorced) to predominantly bainite/martensite

[4].




Table4. Tensleand axid faigue limits of regular and diffusion-bonded Mo sted powders containing 4%
Ni, 1.5% Cu and 0.6% graphite at 7.0 g/cm?.

App. Hard. Fatiguelimit FatigueLimit | Endurance
Mix UTSMPa| YSMPa | (tetbars), | 50% survivals | 90% survivals | ratioFL .,
HRC MPa MPa TS

RO5Mo 854.0 544.7 190 177 162 021
BT-05Mo 8344 566.5 197 176 161 021
DB- 05Vio 847.7 5436 23 168 160 020
R-085Mo 924.2 5798 260 208 187 02
R-15Vio 936.8 587.2 260 211 183 023

No sgnificant difference in the fatigue limit was obtained among specimens made with powder mixes
containing 0.5% Mo. Inal cases, the fatigue limit ranged from 170 to 180 MPa. Thisindicates that the
use of fine copper in the binder treated mix did not have the anticipated beneficid effect on the fatigue limit
for specimens pressed to 7.0 g/lcme. Previous studies have shown that porosity plays akey rolein fatigue
crack initiation. Specificaly, large pores are mainly responsible for fatigue crack initiation and propagation.
These studies dso demondtrated that the use of finer copper powder significantly reduced the size and
number of pores larger than 50 um. However, this had no significant effect on fatigue properties. A
possible explanationis, that at 7.0 g/lcm3, the volume fraction and thus, the quantity of large pores, which
could play arolein fatigue crack initiation, remains sufficiently high to affect fatigue. Moreover the
microstructure is another factor that strongly affects the fatigue properties. Indeed, a relaively low densty,
7.0 glem? or less, the strength of the sintering necks are believed to control fatigue [5]. However, it isclear
from this study that modifying the microstructure by increasing the Mo content was the mgor factor
influencing the fatigue endurance limit.

Vaues reported in Table 4 and Fig. 4 are lower than the fatigue limits obtained with the RBF test method
and published in previous studies [6,7].
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Fig.4 Fatiguelimit at 50 and 90% survival measured by the stair case method for various
pre-alloyed Mo steel powder mixesat 7.0 g/cn®.

It isknown that the test method selected to measure the response of a materiato cyclic loading has a
strong influence on the results. Lin et d showed that the axid fatigue limit corresponded to about 78 to
92% of the RBF limit for various as sintered and hest-trested materials [8]. The mgor reason for such a
difference is that during RBF tests, the stress is maximized only at the circumference of the specimens.

v



However in the axid faigue tedt, the stressis smilar throughout the tested surface area. In axid faigue
testing, cracks can initiate far below the surface if significantly large defects are present, even though fatigue
cracks usudly initiate at the surface or close to the surface for these types of specimens|[9].

The test gpecimen aso has a sgnificant effect on the result. Indeed, in axid fatigue testing, round specimens
such as those used in RBF tests can be used. Thistypeis usudly machined from sintered blanks. The
specimen surface conggts of athin layer of smeared materid free of porogity [9]. In addition, there are no
stressraisers dong the circumference. In contragt, the surface of afla bar specimen, used in this study, isin
the as-sntered condition, which contains open porosity. Moreover, flat rectangular bars have corners that
act as dressraisers. Fracture analyses clearly showed that most of the fatigue cracks initiated from a corner
and propagated to the opposite corner. Fig. 5 shows several SEM micrographs of the fracture surface of a
fatigue specimen made from mix R-0.5Mo. Fig. 5ashows agenerd overview of the fracture surface. The
fatigue crack likely initiated from alarge pore a the corner in region C, Fig. 5b. Fig. 5¢ showsregion A
closeto theinitiation Ste. The fracture surface is typica of afatigue crack- propagating mode with evidence
of driaions. Findly, region B shown in Fig 5d was atypica overload failure with evidence of ductile
fracture. Therefore, the presence of cornersin flat specimens likely contributed to reduce the fatigue limit
compared to that of machined round specimens.

Conclusons

S —

Fig. 5 SEM Micrographs showing the fradure surface of a fatigue test sample (Mix R-0.5Mo).
a) Fracture surface at low magnification. b) Zone C: Fatigue crack likely initiated froma pore at the corner. ¢)
ZoneA: typical fatigue-propagating fracture mode. d) ZoneB: Final ductile overload.
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Thefdlowing conclusions can be drawn from this study:

Increasing the Mo content from 0.5 to 0.85% is beneficid for the transverse rupture, tensle and
fatigue properties but dightly decreases the ductility.

A further increase of the Mo content from 0.85 to 1.5% hasno sgnificant effect on the static and
dynamic properties.

The beneficia effect of increasing the Mo content from 0.5 to 0.85% on fatigue propertiesis due to
the transformation of the microstructure from divorced pearlite/pearlite to bainite/martensite.

Using afine copper addition decreases the number of poreslarger than 50 um. However a a density
of 7.0 g/cm? this does not affect the static properties except for the dimensiona change, which was
more negative by about 0.08%.

Theporesizereduction caused by the use of finer copper resultsin less variation during cyclica
loading. However a 7.0 g/cm? this has no influence on the SN curve or fatigue limit. It is believed
that use of finer copper will be beneficid at higher dengties.

No sgnificant difference in the fatigue properties was seen between alow-alloyed Mo stedl powder
admixed with Ni and Cu and a diffusionbonded powder of the same composition.

The axid fatigue limits obtained with flat gpecimens are about 25% lower than those measur ed by the
RBF method.
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