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amount of shrinking. The amount of shrinking during sintering is 0.6% for steels with

STD-Ni and 0.9% for steels with XF-Ni.
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Figure 3-50. Heating / sintering dilatometry curves of STD-Ni/Cu steel and XF-Ni/Cu
steel at 0.5C & 0.8C.

3.2.4.2 Cooling

The dilatometry curves for the steels for cooling from the sintering temperature is shown
in Figure 3-51. Upon cooling from 1120°C to 950°C the slopes of all of the steels are
similar. Below 950°C, the slope of steels with STD-Ni decrease and densification is less
than that seen in steels with XF-Ni. At a temperature of ~ 630°C the samples with XF-
Ni begin to undergo the austenite-ferrite transformation until ~ 490°C. The steels with
STD-Ni begin this transformation slightly later at about 590°C and end slightly earlier at
about 510°C. A wider austenite-ferrite transformation range observed in steels with XF-

Ni results in more bainite and martensite being produced in the final microstructure.
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Figure 3-51. Cooling dilatometry curves of STD-Ni/Cu steel and XF-Ni/Cu steel at 0.5C

and 0.8C.

3.2.5 Differential Thermal Analysis

The DTA plot in Figure 3-52 shows heat flow (released) vs. temperature during the
sintering cycle of four steels (The four steels are of STDNi/Cu/0.5C, XF-Ni/Cu/0.5C,
STD-Ni/Cu/0.8C, XF-Ni/Cu/0.8C). The wt%C does not appear to affect the DTA curves
significantly. The type of Ni powder affects heatflow more than C level. The curves of
all 4 steels appear very similar. Upon heating the XF-Ni/Cu/0.5C steel shows less heat
release than the other steels. This could be related back to dilatometry and linescan
results which show that the distribution of Ni and Cu in steels with XF-Ni to be
significantly better than those with STD-Ni. The mass transport / reactions that take
place during sintering seem to be more stable with finer Ni size. In addition, it is seen
that as C level is increased the stability of heat released during sintering is decreased.
This, in turn, is consistent with the dilatometric and dimensional change results of the

current study.
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Figure 3-52. DTA curve of 2Ni/2Cu steels with STD-Ni and XF-Ni at 0.5C and 0.8C.

3.2.6 E-SEM analysis of sintering of P/M steels

An environmental SEM was employed to view microstructure development during
sintering. The unit used was a JEOL 5600 with a hot-stage unit and a reducing 2%H,-N,
atmosphere . As a baseline, a 4Cu/0.5C steel was initially studied. A 0.5 mm thick
compact was pressed to ~ 7.0 g/cm3 (same as for bulk test pieces) and inserted as-pressed
into the E-SEM unit. Figure 3-53 shows the microstructure that develops up to 320°C.
Very little sintering has taken place up to this temperature; only the weak connections
made through compaction hold the compact together. The light-coloured, small,
spherical particles visible most likely are graphite particles; the very large ones most
likely being Fe and the intermediate ones being Cu. Identification of the various
elements within the steel was difficult since only particle size could be used to distinguish

between elements.
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Figure 3-53. E-SEM image of sintering of 4Cu/0.5C steel at 320°C.
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Figure 3-54. E-SEM image of sintering of 4Cu/0.5C steel at 710°C.
As seen in Figure 3-54, by 710°C, a significant amount of the pores have closed off but

original particle boundaries are still visible, carbon has moved into solution and the grain
texture of the steel is just appearing. At 710°C, it is unclear from the images whether the
surface has become oxidized or whether surface in view is a relatively “clean” metal
undergoing sintering. Figure 3-55 shows the steel at 8306C; it appears as if the steel
structure is becoming visible in the matrix. At 960°C and 1010°C, in Fig. Figure 3-56
and Figure 3-57 respectively, further pores closure takes place and the liquefaction of Cu

is initiated.

Figure 3-55. E-SEM image of sintering of 4Cu/0.5C steel at 830°C.
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Figure 3-57. E-SEM image of sintering of 4Cu/0.5C steel at 1010°C.
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Figure 3-58. E-SEM image of sintering of 4Cu/0.5C steel at 1060°C.

At 1083°C, Figure 3-59, it appears as if phases of solid Fe and Fe-Cu as well as liquid
phases of Cu and Cu-Fe. The drastic increase in the amount of liquid from 1060°C to
1083°C corresponds with the melting temperature of Cu, also 1083°C. Viewing at higher
temperatures or cool down could not be carried out as the E-SEM unit became quite
erratic at temperatures near 1100°C. This was most likely due to the interference of
thermal electrons and / or the vapourization of an ultra-thin layer of metal from the

sample. Further E-SEM work for the current project was thus abandoned.
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Figure 3-59. E-SEM image of sintering of 4Cu/0.5C steel at 1083°C.
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3.3 Study 3 - Effect of Ni particle size & Cu particle size on properties
of high-performance 2Ni/2Cu/0.8Mo0/0.7C steel

_3.3.1 Microstructure

3.3.1.1 Phase analysis

SEM micrographs of the steel microstructures are shown in Figure 3-60. In general, all
of the steels possessed a pearlitic / bainitic matrix with colonies of martensite and
austenite. A breakdown of the phases of the steels as calculated by analysis of optical
micrographs in ProTools Imagegridder is shown in Table 3.13. The STD-Ni/STD-Cu
steel had very little bainite and martensite compared to the other steels. The pores in this
steel were isolated but fairly large. When using XF-Cu in the STD-Ni/XF-Cu steel,
pearlite shifted to bainite and more martensite was present. Pores were expected to be
smaller and more rounded [10], but this was not the case in this steel; the shape and size

of pores did not change substantially when using XF-Cu powder.

The amount of bainite and martensite increased substantially with XF-Ni compared to
STD-Ni. This was particularly noticeable when comparing the STD-Ni/STD-Cu vs. XF-

Ni/STD-Cu steels. XF-Ni also resulted in finer, less interconnected porosity.
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STD-Ni/STD-Cu steel (upper left), STD-Ni/XF-Cu steel (upper right), XF-Ni/STD-Cu
steel (lower left), XF-Ni/XF-Cu steel (lower right). {M (Ac) = acicular martensite, M (L)
= lathe martensite, P-B =pearlite-bainite, P= pearlite}.

Table 3.13. Quantitative phase analysis of 2Ni/2Cu/0.8Mo/0.7C steels

Approximate area % phases +/- 5%
Martensite Bainite  Austenite  Pearlite
STD-Ni/STD-Cu/Mo/0.7C steel 50 20 20 10
STD-Ni/XF-Cu/Mo/0.7C steel 55 15 20 10
XF-Ni/STD-Cu/Mo/0.7C steel 60 20 15 5
XF-Ni/XF-Cu/Mo/0.7C steel 60 20 15 5
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3.3.1.2 SEM-EDX Analysis

Figures 3-58 — 3-61 show the EDX Ni/Cu/Mo wt% distribution linescan profiles across a
representative field of each steel. The wt% Mo is very uniform whereas Ni and Cu can
fluctuate considerably. The use of XF powders improves the distribution of Ni and Cu
significantly. Table 3.14 compares the standard deviation of Ni/Cu/Mo profiles (50
points). The standard deviation of wt% values of the alloys is a good indication of the
uniformity of alloy distribution in the steel. Interesting to note is that XF-Ni not only

stabilized the distribution of Ni but it also had a greater effect on improving Cu

distribution than XF-Cu.
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Figure 3-61. Linescan analysis of representative cross-section of 2STD-Ni/2STD-
Cu/0.8Mo/0.7C steel.
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Figure 3-62. Linescan analysis of representative cross-section of 2STD-Ni/2XF-
Cu/0.8Mo/0.7C steel.
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Figure 3-63. Linescan analysis of representative cross-section of 2XF-Ni/2STD-
Cu/0.8Mo0/0.7C steel.
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Figure 3-64.Linescan analysis of representative cross-section of 2XF-Ni/2XF-
Cu/0.8Mo0/0.7C steel.

Table 3.14. Std. Deviation of Ni/Cu/Mo wt% profiles.

Steel Standard Deviation of wt%
2Ni +/- 2Cu +/- 0.8Mo +/-
STD-Ni/STD-Cu 41 3.2 <0.1
STD-Ni/XF-Cu 2.0 0.7 <0.1
XF-Ni/STD-Cu 0.3 0.3 <0.1
XF-Ni/XF-Cu 0.2 0.2 <0.1

3.3.2 Dimensional change properties

Finer Cu and Ni powder additions both reduced the dimensional swelling and improved
the dimensional part-to-part consistency of the steels. The dimensional change was
therefore strongly affected by both the Cu and Ni powder size. Figure 3-65 shows that
the substitution of XF-Ni powder for STD-Ni powder and the substitution of XF-Cu
powder for STD-Cu powder had gave similar improvements in reducing dimensional

change and lowering part-to-part standard deviation.
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Figure 3-65. Dimensional Change (% Mean & Standard Deviation) of Ni/Cu/Mo steels
with STD- and XF-Ni & Cu powder additions.

The substitution of XF-Ni or XF-Cu with STD powders reduced overall part growth and
improved the part-to-part consistency of size change. The effect of XF powders on
reducing growth is similar: a replacement of XF-Ni or XF-Cu with either STD-Ni or

STD-Cu respectively gave 35-40% less swelling.

In a study by Chagnon and Gagne [35], a 2Ni/1Cu/0.6Mo/0.6C steel at 6.9 g/cm3, with Ni
and Mo prealloyed to Fe (QMP ATOMET 4601), gave a mean % dimensional change
from die size of 0.34%. This result is similar to the STD-Ni/STD-Cu steel in this study
which showed a mean dimensional change of 0.38%. The slightly larger size change of
the latter is most likely due to the higher wt% Cu of the steels in the current study. Upon
substituting XF-Ni for STD-Ni, dimensional change was reduced to 0.25%, while
substituting XF-Cu for STD-Cu reduced dimensional change to 0.24%. The magnitude
of the effect of XF-Ni and XF-Cu on dimensional change was therefore similar. As
Chagnon reported higher dimensional change in an alloy of similar composition with

prealloyed Ni, admixed XF-Ni appears to affect the distribution of Cu more than
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prealloyed Ni and as a result has the potential to reduce the swelling effect of Cu to a

greater extent.

XF-Ni had a greater effect on improving the overall batch dimensional consistency than
XF-Cu. Dimensional change standard deviation was 80%.lower with XF-Ni and 50%
lower with XF-Cu powder. This result agrees with the linescan profiles which show a
greater improvement in Ni and Cu uniformity with XF-Ni than XF-Cu. It is also
interesting to note that the dimensional change properties of steels made with XF-Ni were
similar when using either STD-Cu or XF-Cu powder. This suggests that dimensional
change in admixed Ni-Cu-Mo steels relies most heavily on the distribution (particle size)

of Ni.

3.3.3 Mechanical Properties

Mechanical properties of the four steels are shown in Table 3.15. XF-Ni and XF-Cu
additions increased the mechanical properties of the steels and improved the consistency
of the mechanical properties. XF-Ni additions increased the mechanical properties values

and consistency more than XF-Cu.

Table 3.15. Mean Hardness, TRS, UTS values of 2Ni/2Cu/0.8Mo0/0.7C steels.

. AR, Sinned e Do THS UTS UTSStd. %El(in
Steel Density Density (MPa) Std. HRC (MPa) Dev. 25.4mm)
K (g/ce) (g/ce) _ Dev. e i -
STD-N/STD-Cu 7.00 7.01 1030 100 20 520 60 1.0
STD-Ni/XF-Cu 6.99 7.02 1140 30 24 600 20 10
XF-Ni/STD-Cu 6.99 7.03 1380 20 26 670 10 1.0
XE-Ni/XF-Cu 6.98 7.04 1400 15 28 710 10 10

XF-Ni and XF-Cu both increased the mechanical properties of the steels and improved
the batch consistency of the mechanical properties. With STD-Ni powder, the use of XF-
Cu vs. STD-Cu powder improved hardness by 4 HRC, TRS by 110 MPa and UTS by 80
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MPa. The standard deviation of TRS and UTS values was approximately 60% lower
when using XF-Cu vs. STD-Cu. With STD-Cu powder, the use of XF-Ni vs. STD-Ni
powder improved hardness by 6 HRC, TRS by 350 MPa, and UTS by 150 MPa. The
UTS and TRS standard deviation was approximately 80% lower when using XF-Ni vs.
STD-Ni powder. XF-Ni improved the level and consistency of mechanical properties
more than XF-Cu.

. Standard MPIF properties of common sinter-hardened (cooled under accelerated
conditions after sintering to produce effect similar to heat treatment) steels (FLC-4608,
FLNC-4408) and a diffusion-alloyed steel (FD-0208) with compositions similar to that of
the steel in the current study are shown in Table 3.16 [14]. Mechanical property values
of the current study compared favourably to MPIF Standard 35 sinter-hardened steels,
considering the latter had a higher carbon content and were cooled under accelerated
conditions. The steels made with XF-Ni had mechanical properties superior to the

standard diffusion-alloyed (see section 1.1.4) steel of similar composition.

In a study by St. Laurent et al [36], a 4Ni/1.5Cu/0.8Mo0/0.6C steel at 7.0 g/lem®, with Mo
prealloyed and STD-Ni and Cu diffusion-bonded, had a hardness of 30 HRC and a
tensile strength of 750 MPa. These values are similar to steels with XF powders in this
study which is significant since the steels of the current study were coriventionally
admixed and the nickel content was half of that in St. Laurent’s study. Chagnon and
Trudel [37] obtained values of 25 HRC hardness and 750 MPa tensile strength in sinter-
hardened 2Ni/1Cu/0.6Mo/0.6C steel at 6.9 g/cm®. Although the steel in Chagnon’s study
was cooled under accelerating conditions (1.5°C/s) and had Ni prealloyed, it had similar
hardness values and only slightly higher tensile strength than the conventional admixed

steels made with XF-Ni in the current study.

104



MASc Thesis — T. Singh, McMaster University / Materials Engineering

Table 3.16. Composition & properties of steels from MPIF Std. 35 [14] & selected steel
from current study.

MPIF § : i
Material ~ Chemical composition . i Properties
Designation S
Density uTs TRS
c Ni Mo Cu (gfcc)  (pa)  *El  (ups Hardness
FLC-4608 0.8 1.76 0.55 2.00 7.00 690 <1.0 1310 31 HRC
FLNC-4408 0.8 2.00 0.85 2.00 7.00 -790 <1.0 1520 25 HRC
FD-0208 0.8 1.75 0.50 1.50 6.90 540 <1.0 1070 83 HRB
RENIBIGES 5 o 1.75 0.80 1.50 7.03 670 1.0 1380 26 HAC
current study

3.3.3.1 Sintering of Ni-Cu-Mo steels

The results of the present study suggest that Ni particle size is a more important factor in
controlling dimensional precision than Cu particle size during the sintering of steels
containing admixed Ni and Cu powder. Linescan profiles and dimensional change show
that the interaction of Ni and Cu is more strongly dependent on the size of Ni and that
XF-Ni powder additions improve Cu distribution even more than an XF-Cu powder. Part
size control was slightly more with a XF-Ni substitution than with an XF-Cu substitution.

Mechanical properties were affected much more with an XF-Ni substitution.

Although Ni particle size affected the overall properties of steel more than Cu particle
size, changing the particle size of Cu did have some effect on steel properties. Steels
with XF-Cu had more martensite in the microstructure as well as improved alloy
distribution, dimensional control and mechanical properties over those with STD-Cu.
The fact that Cu particle size does have some effect on properties indicates that Cu does
not completely wet the Fe particles as it liquefies. In theory, if Cu particles wetted Fe

particles completely, Cu particle size would have no effect on the properties of the steel

[S].

In agreement with results from Study 2 of the current work, Ni appears to stabilize the

movement of Cu within the steel matrix during sintering. With coarser Ni and Cu
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particles, there is little Ni-Cu interaction. Liquid Cu is free to migrate between the Fe
particles. The diffusion of Cu into Fe is relatively slow compared to carbon into Fe for
example and creates an opportunity for non-uniform distribution of Cu. Increasing the
Ni-Cu interaction with XF-Ni or XF-Cu powders restricts the movement of Cu by
pinning it to well dispersed XF-Ni powder through the formation of Ni-Cu-Fe phases or
Cu-rich Cu-Ni liquid.

3.3.4 Dilatometry analysis

3.3.4.1 Heating

The dilatometry curves for the steels for heating up to sintering temperature and soaking
are shown in Figure 3-66. Up to about 650°C, specimens expand similarly as the
temperature increases. The expansion rate, 1.5 x 10” %/°C, corresponds to the thermal
expansion coefficient of ferrite [28]. At about 750°C, the expansion rate decreases and
the specimens begin shrinking in the temperature range of 800-950°C. This is the
temperature range of the ferrite-austenite transformation. At temperatures greater than
950°C, the diffusion of carbon is accelerated. The major difference in steels with STD-Ni
vs. XF-Ni is that steels With STD-Ni begin to expahd from 950-1075°C, as C ldiffuses
into Fe, while steels with XF-Ni continue to densify. At a temperature of about 1100°C
the steels with STD-Ni expand; the steels with XF-Ni start expanding slightly later, at
about 1110-1115°C. This expansion at 1100-1120°C corresponds to the melting of Cu
(T = 1083°C), as liquid Cu flows in between the Fe particles and causes them to
separate. The rate of expansion is notably less in steels with XF-Ni and the overall
expansion just before the sinteﬁng temperature is reached is much less. This indicates
that XF-Ni is able to control the movement (and consequently the distribution) of Cuto a
greater extent than STD-Ni. During sintering the samples densify and show a significant

amount of shrinking.
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Figure 3-66. Heating (including soak) portion of dilatometry curve of Ni/Cu/Mo steels.

3.3.4.2 Cooling

The dilatometry curves for the steels for cooling from the sintering temperature is shown
Figure 3-67. Upon cooling from 1120°C to 950°C the slopes of all of the steels are
similar. Below 950°C, the slope of steels with STD-Ni decreases and densification is less
than that seen in steels with XF-Ni. At a temperature of ~ 630°C the samples with XF-
Ni begin to undergo the austenite-ferrite transformation until ~ 490°C. The steels with
STD-Ni begin this transformation slightly later at about 590°C and end slightly earlier at
about 510°C. A wider austenite-ferrite transformation range observed in steels with XF-

Ni results in more bainite and martensite being produced in the final microstructure.
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Figure 3-67. Post-sintering cooling portion of dilatometry curve of Ni/Cu/Mo steels.

3.3.5 Differential Thermal Analysis

The DTA plot in Figure 3-68 shows heat flow (released) vs. temperature during the
sintering cycle of the four steels. The particle size of Cu does not affect the DTA curves
as significantly as the particle size of Ni. Upon heating, steels with XF-Ni show less heat
release than the other steels. This could be related to dilatometry and linescan results
which show that the distribution of Ni and Cu in steels relies much more on Ni particle
size than Cu particle size. The mass transport / reactions that take place during sintering
seem to be more stable with finer Ni size. Finer powders appear to release less heat
during sintering. This may indicate that less liquid forms when finer powders are used
and thus less swelling is induced. If more Ni and Cu interact, the higher the
concentration of Ni available to form a solid solution with Ni and the higher the melting
temperature of the binary Ni-Cu alloy (Cu-Ni phase diagram shown in Fig. 3-66). Thus

less liquid will form and less dimensional swelling will result.
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Figure 3-68. DTA plot of Ni/Cu/Mo steels.

3.3.6 Modeling Diffusion Analysis of Ni & Cu during sintering

3.3.6.1 Nominal Diffusion distance of Ni and Cu particles into Fe
during sintering

A very simple model can be applied that approximates the relative distance which Ni and
Cu move into the Fe particle. The classical equation for diffusion which relates the rate
of diffusion of one species (solute) into another (solvent) is given by the Arhenius

equation:

_QJ
D=D,expl — | .... Eqn. 3.3
0 p(RT q
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Where D is the diffusivity, Dy is the diffusion coefficient for the specific solvent-solute
system, Q is the activation energy specific to the system, 7 is the temperature in question

(1120°C) and R is a constant,8.314 kJ/mol-K. For the systems in question:

e Ni diffusing into y-Fe, Dy = 7.70 x 10°, Q = 280 kJ/mol, D = 2.44 x 10" m?%s
e Cu diffusing into y-Fe, Do = 3.00 x 10™, Q = 255 k J/mol, D = 8.22 x 10"* m?%s

The nominal d1ffus1on distance, L, is considered a good approximation to the average
penetration depth that the diffusing species w111 diffuse into the solvent [30] The

equation for L is:

L= Dt ...Eqn. 34

Where D is the diffusivity and t is the time at temperature, in this case 30 mins. Solving
for L for both Ni and Cu:

e Ni@t=30mins, L=2.1 pum
¢ Cu@t=30mins, L=12.2 pm

Therefore, in 30 mins, on average, Ni particles would only have moved ~ 2 wm into the
Fe particles. The average Cu particle movement would be ~ 12 wm into the Fe particle.
This result suggests that, assuming solid state diffusion, a particle size up to 2 pm of Ni
could “completely dissolve” into Fe during sintering for 30 min. at 1120°C, and a Cu
particle size of ~ 12 wm could “completely dissolve” into Fe in the same sintering cycle.
This supports microstructural analyses which show that XF-Ni completely diffuses into
Fe after 30 mins during sintering while STD-Ni leaves behind distinct Ni-rich areas. In
the case of Cu, XF-Cu completely diffused into Fe; STD-Cu did leave behind some very
subtle Cu-rich rings surrounding pores but it more or less fully dissolved. The author

acknowledges the fact that this model does not account for the fact that Cu liquefies
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during sintering. These calculations are simply done as an exercise to get an idea of the
effect of particle size of Cu on its diffusion into an Fe matrix during P/M sintering and
can provide a good guideline to understanding the diffusion behaviour of the two

elements.

3.3.6.2 Path of Cu - Diffusion into Ni vs. Diffusion into Fe

Eqn 3.3 can be used to show that Cu preferentially reacts with and diffuses faster into Ni

rather than Fe:

e For Cu diffusing into y-Fe: Dy = 3.00 x 10, Q =255 k J/mol, D = 8.22 x 107" m%/s
e For Cu diffusing into Ni: Dg = 1.93 x 10™, Q =232 kJ/mol, D =3.98 x 10" m%s

Thus diffusion of Cu into Ni is 5 times higher than the diffusion of Cu into Fe, so Cu and
Ni interactions will dominate. Also, the fact that Ni is so much finer than Fe is important.
Even though there is only a few wt% Ni, the actual surface area of Ni with XF-Ni may be

comparable to that for Fe.
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3.4 General Discussion

In sintered Ni steels, the particle size of Ni powder strongly affects the diffusion and
resulting distribution of Ni in the Fe matrix. A finer, more uniform distribution achieved
via finer powders may alter the phase transformations which ultimately dictates the steel
properties. Dilatometry suggests that the martensite-forming zone is enlarged when XF-
Ni is used. Increased martensite levels result in better overall part properties — including
a harder, stronger, more uniform microstructure, improved dimensional precision,
increased densification and improved mechanical properties. Diffusion calculations also

show that XF-Ni will more or less fully diffuse into Fe while STD-Ni cannot.

In steels with Ni and Cu, there is a strong affinity for Ni and Cu during sintering.
Improving the Ni distribution, via finer Ni powders (similar to that of the Ni steel case),
will lead to improved Cu distribution. Detailed SEM-EDX calculations during sintering
showed that finer Ni improves the diffusion of Cu into the matrix. The interaction

between Ni and Cu during sintering is three-fold:

(1) Increased Ni-Cu interactions decrease the amount of liquid that forms during
sintering. In Cu steels, all of the Cu melts and causes significant swelling due to
separation of Fe interparticle boundaries. With Ni in its presence, Cu is less likely
to form a liquid but rather forms solution with Ni that remains semi-solid (see Ni-
Cu phase diagram, Figure 3-69). The liquid that does form, forms in a stable

manner (because of improved uniformity) and spreads evenly throughout the Fe

matrix.

(2) Increased Ni-Cu interaction increases the diffusion of Cu into the Fe matrix. In

wrought steels Cu is known to cause a detrimental effect called “hot shortness”,
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which is essentially precipitation of Cu near grain boundaries and subsequent
embrittlement at these sites. Work by Salter [38] has shown that, in wrought
steels, nickel can offset the detrimental effects of copper. By a point-counting
method, Salter showed that nickel progressively increased the solubility of copper
in austenite at 1250°C, from 8.9% to 14.8% with a 13 wt% Ni addition; this is
illustrated in Figure 3-70. In wrought steels, the tendency to “hot shortness” will

be much lower with increasing levels of nickel additions.

1600 L i L .
1400 - L -
» 1200 -
=
2
© 1000+ fee -
®
§ 800 s
% .
& 600~ -
1 /-\ I
200 f T T I
A 0 20 40 60 80 100
Cu Weight percent Ni

Figure 3-69. Cu-Ni phase diagram [27].

113



MASc Thesis ~ T. Singh, McMaster University / Materials Engineering

@
o

—e— 0%Ni 1508%Cu
Qe 45%a Ni 14-65% Cu
et 8-77a Ni 15:00% Cu
f—0—13-0%Ni 15:10% Cu

<
=3

UNDISSOLVED COPPER-RICH PHASE,val-Yo
&~ 'S
(=] (=]

i 2. i
900 1000 - 100 1200 1300
TEMPERATURE, C

Effect of nickel on the undissolved. copper-rich phase in
alloys containing about 15%Cu

Figure 3-70. Effect of Ni on the undissolved Cu-rich phase in alloys containing ~ 15% Cu
[38].

(3) Increased Ni-Cu interactions decrease the dihedral angle of liquid Cu (in between
Fe particles). The inference of this fact is that Ni-Cu liquid is able to enter Fe
interparticle boundaries more readily than pure Cu liquid, increasing the risk of
part swelling. This corresponds with effects seen in 0.8C steels in the current
work — Ni-Cu steels swelled slightly more than a Cu steel. At conventional
sintering temperatures, however, this effect is not so serious as might be expected;
the dihedral angle is only decreased by about 2° by nickel additions to pure Cu —
and this is within experimental error [38]. At temperatures significantly higher
than 1100°C, however, Ni-Cu will have an increased susceptibility to penetrate

grain boundaries vs. pure Cu.
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Figure 3-71. Dihedral angle-temperature relationship for the copper-nickel-mild steel
system[38].

In steels containing Ni, Cu and Mo (a frequently used alloying combination), the

interaction between Mo and the other alloying elements is negligible from the results of

the current study. Since Mo is prealloyed to Fe it essentially remains stationary during

the sintering process. Ni-Cu-Mo-Fe solid solutions will form as Ni and Cu diffuse

through the steel matrix [11].
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4 CONCLUSIONS

In powder metal Ni steels and Cu steels, alloying elements (Ni and Cu respectively)
of finer particle size give improved alloy distribution. This results in improved
microstructural uniformity and an increase in the amount of alloy diffusing into Fe
matrix during sintering.

Increased uniformity and diffusion of Ni and Cu into Fe alters phase transformations,
promoting a more uniform, and stronger / harder microstructure.

Improved alloy uniformity in the microstructure subsequently leads to improved
dimensional precision, which is important for higher tolerance parts and difficult-to-
hold tolerances in larger parts. This can reduces scrap rates and need for costly
secondary processing such as coining and sizing. In addition, improved alloy
uniformity results in reduced variability in mechanical properties, improving
consistency in part performance.

In powder metal mixed Ni-Cu steels, Cu melts during sintering and associates with
Ni. Ni-Cu interactions are increased with finer Ni powder additions. Since
increasing the fineness of Ni powder both improves uniformity and the amount of Ni
going into solution with Fe, Cu distribution in sintered steels can be impfoved with
finer Ni powder additions. Finer Ni powder additions have more of an effect on
improving the Cu distribution than Cu particle size itself. Ni stabilizes the
movement of Cu, increasing its diffusion into the Fe matrix and decreasing the
formation of pure liquid Cu phase which causes swelling problems in P/M steels.
Improved alloy distribution in turn positively affects microstructure and mechanical

properties.
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