MICROSTRUCTURE AND MECHANICAL PROPERTIES OF HIP PM 718
Ulrike Habel

Crucible Research Center
6003 Campbells Run Road
Pittsburgh. PA 15205
USA

Abstract

This paper explores advantages of powder metallurgical (P/M) processing of Alloy 718 using gas
atomization and hot isostatic pressing (HIP). To evaluate the effect of different processing
parameters on HIP P/M 718, powders with low and standard carbon levels were produced by
nitrogen and argon atomization. A small amount of Mg was added to one heat to investigate the
possibility of improving elevated temperature properties. The Mg-treatment is a necessity to obtain
good creep properties.

The consolidated materials are fully dense and have very fine and homogeneous microstructures
tvpical for fully dense P/M alloys. Yield strength levels range from 140 to 170 ksi at room
temperature. and from 115 to 145 ksi at 1200°F. while tensile ductilities range form 19 to 15 and
9 to 24%. respectively. Different heat treatments were evaluated. since the standard heat treatment
for cast and wrought 718 led to heavy decoration of prior powder particle and grain boundaries.
which resulted in low ductility, especially at 1200°F. Creep rupture properties were evaluated at
1200°F and 100ksi. Depending on heat treatment. time to rupture was as high as 170 hrs. Higher
solution temperatures resulted in microstructures with less grain boundary decoration. better
ductilities and improved creep properties with little loss in strength. During solutioning at 1800°F.
no grain growth was observed, and very limited grain growth was observed during heat treatments
at temperatures up to 2200°F. Taking into account the relatively low levels of precipitate forming
clements, the strength levels are still fairly good.
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Introduction

[nert gas atomization is a powder production process used for a wide range of high performance
metallic materials. For example. Ni- and Ni-Fe based P/M superalloys are used for acrospace
applications. P/M stainless steels for highly corrosive environments and P/M tool steels for cutting.
grinding and wear resistant materials [ 1], [2). [3]. During gas-atomizationrapid solidification occurs
and suppress segregation. which translates into a simplified processing route. This is especially
important for highly alloyed materials such as Alloy 718. which has a propensity for segregation
due to high Nb-content [4], [5]. Alloy 718 is usually produced in the cast or cast and wrought
(C/W) form. The P/M route also uses less raw material as it allows near-net-shape production.

Investigations of helium atomized and direct extruded Alloy 718 found very fine grain sizes and
good tensile properties compared to a C/W alloy of the same composition [6]. [7]. It has been
shown that in P/M Alloy 718 the same phases are present as in C/W Alloy 718 [8].

Focus areas of this study were carbon level, atomization gas. and magnesium treatments of the melt.
In P/M Ni-base superalloys, low C-levels are desirable. because they lead to cleaner powder particle
surfaces and therefore to improved particle bonding during HIP. The use of nitrogen as atomization
gas leads to cost savings compared to the use of argon. but can lead to N-uptake. which is
potentially detrimental. Additions of Mg during melting of superalloys are known to improve
elevated temperature tensile and creep properties [9]. [10]. [11]. [12]. Inaddition. the effects of heat
treatments on microstructure and mechanical properties were investigated.

Experimental Procedure

Fifty pound heats of Alloy 718 were made by N- and Ar-atomization in the LGA. The designations
A718 and N718 refer to the argon and nitrogen atomized materials, respectively, with standard
C-content. The low-carbon versions contain as low as possible carbon levels and are designated
N718LC and A718LC. Forasecond N718 heat. a Mg treatment was conducted after the charge was
fully molten and before it was atomized. This heat is designated N718(Mg). All powders were
screened to -140 mesh. canned in mild steel. hot outgassed. sealed. and subsequently HIP'ed at
2065°F and 15 ksi for 4 hrs.

Blanks for microstructural investigations and mechanical testing were subjected to three different
solution heat treatments. Heat Treatment I, the standard heat treatment for C/W 718, consisted of
1 hour at 1800°F followed by turnace cooling. Heat treatments II and III consisted of 1 hour at
2000 and 2200°F, respectively. After the solution heat treatment, air cooling is normally used. but
furnace cooling of the small blanks was chosen here to simulate the slow cooling rate within a large
workpiece such as a disk for power generation. Solution Treatments 1. 11. and IIT were followed by
ageing for 8 hours at 1325°F, furnace cooling to 1150°F plus ageing at 8 hours at 1150°F followed
again by furnace cooling.

The as-atomized powders, the consolidated materials were investigated by optical microscopy. SEM
(scanning electron microscope) and energy dispersive X-ray analysis (EDX). Samples for optical
microscopy were prepared by electrolytic etching with a mixture of 10 ml hydrochloric acid. 10 ml
methanol. and 1 ml tartaric acid. For SEM investigations, electrolytic polishing with 20% sulfuric
acid in methanol was applied. Tensile and Charpy impact tests were conducted according to ASTM
E8 and E23. respectively. Creep tests were conducted at 1200°F and 100 ksi.
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Chemical Composition

All five P/M 718 versions have the same basic composition and differ only in N-, C- and Mg-levels
(Table I). The combined Nb+Tit+Al-content ranges from 6.04 to 6.38 %. This variation is mainly
due to differences in Nb-level. which varies between 4.70 and 5.18%. The Ti/Al-ratio is 1.8 except
for Alloys A718LC and N718LC, where it is 1.9 and 2.0, respectively.

For Alloys A718. A718LC, N718, and N718LC. the Mg-content is 10 wppm. while Alloy
N718(Mg) contains a Mg-level of 70 wppm. The Ar-atomized powders contain 20 to 30 wppm
nitrogen. Some nitrogen pick-up occurred during N-atomization leading to levels of 800 to 1000
wppm nitrogen. The C-levels range from 40 or 50 wppm for the low-carbon heats to 110 or 120
wppm for the standard-carbon heats.

Table I Chemical composition of P/M 718 alloys (wt%)

Alloy Fe Cr Nb | Ti | Al | Mo |B | C O N | Mg | Ni
Unit Wit% Wppm

A718 18.13 | 17.91 | 4.80 | 0.88 [0.48 | 2.95 |46 | 110 | 132 | 30 10 | Bal.
A718LC 18.00 | 17.76 | 5.10 | 0.89 [ 0.47 {2.99 | 38 | 40 | 141 | 20 10 | Bal.
N718 18.18 | 17.86 [ 4.70 | 0.86 | 0.48 1 2.97 [ 31 | 120 | 167 | 790 | 10 | Bal.
N718LC 18.14 | 17.86 [ 5.15 [ 090 | 0.46 | 291 [36 | 40 | 105 | 820 | 10 | Bal.
N718(Mg) | 18.15 [ 17.80 [4.84 1088 [049 297 |35]120 | 111 [ 980 | 70 | Bal.

Co. Mn. Cu: <100 wppm: S <10 wppm; P: 40 ... 60 wppm; Si 400 ... 600 wppm

Microstructure

All P/M versions of Alloy 718 exhibit very fine and homogeneous microstructures typical for gas-
atomized materials. The as-HIP P/M 718 alloys show varying degrees of prior particle and grain
boundary outlining (Figure 1). Similarly. the N-atomized variants exhibit a more pronounced
powder particle boundary outlining than the Ar-atomized materials. The grain sizes in the as-HIP
condition are around ASTM No. 8 [13]. They are coarser than for direct extruded Alloy 718 [7].
which is not surprising given the absence of recrystallization during HIP.

SEM investigations reveal information about the character of the precipitates found in P/M 718.
Backscatter electron images of as-HIP materials show black appearing spherical and elongated
precipitates (Figures 1band d). EDX analysis indicates that these are titanium carbo-nitrides. They
are much more prevalent in Alloy N718LC than in Alloy A718 due to their different N-contents.
The titanium carbo-nitrides rarely exceed 0.5 um in size for Alloy N718. For Alloy A718. they are
usually less than 0.2 um in size. and there are significantly fewer of them.

Following Heat Treatment I. the standard heat treatment for C/W Alloy 718, needle-shaped
precipitates decorate the grain boundaries (Figures 2a and ¢). These precipitates appear bright in
Backscatter electron images (Figures 2b and d). They are, according to EDX-analysis. Niy(Nb. Ti).
Their composition and their shape confirm that they are 8-phase [14].

To reduce the grain boundary decoration. solution heat treatments were conducted at temperatures
between 2000 and 2200°F followed by the standard ageing heat treatment. These higher solution
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temperatures reduced particle outlining significantly. but led only to a small increase in grain size
(Figure 3). Grain sizes in the heat treated conditions range from 21 to 28 um [13]. For the Ar-
atomized alloys. solution treating at 2000°F is sufficient to alleviate the grain and particle boundary
outlining. while for the N-atomized alloys at least 2200°F are required. Higher solution
temperatures were not explored. as they are not practical in production.

In general. the N-atomized materials have a somewhat finer grain size than their Ar-atomized
counterparts. This is likely due to grain boundary pinning by titanium carbo-nitrides. The fine
grain sizes observed after heat treating at temperatures well above the d-solvus temperature of
1850°F indicate that. for P/M Alloy 718, 6-phase is not needed to pin grain boundaries. This agrees
with observations by Merrick [6] as well as Radavich and Meyers [8]. In contrast. for C/W or cast
Alloy 718 &-phase is necessary to restrict grain growth [14].

a) 10 pm b) 10 pm

c) 2 pm d) 2 pm

Figure I ~ Microstructure of as-HIP P/M 718 a),¢) A718  b). d) N718LC



2 um

Figure 2 Microstructure of P/M 718 a).c) A718 b). d) N718LC
Heat treatment [: 1 hr 1800°F (FC) + 8 hrs 1325°F. FC to 1150°F + age

Tensile Properties

The room temperature mechanical properties for Heat Treatment I are summarized in Table II. The
vield strength ranges from 152 ksi for Alloy A718LC to 163 ksi for Alloy N718(Mg). The
N-atomized materials show higher vield stresses than their Ar-atomized counterparts. This
difference can be attributed to compositional and microstructural difference. The presence of
titanium carbo-nitrides observed in the alloys with higher nitrogen levels (Figure 2) suggests that
additional sub-fLm precipitates of the same type. whose size is below SEM resolution. could be
present. Sub-im titanium carbo-nitrides could contribute to the overall strength by dispersion

597



a) 10 um b) 10 pm
Figure 3 Microstructure P/M 718 a) A718. Heat treatment II: 1 hr 2000°F (FC) + age
b) N718LC. Heat treatment I1I: 1 hr 2200°F (FC) + age
Table IT  Tensile Properties of P/M 718: Heat Treatment I: 1 hr 1800°F (FC) + age
Alloy/Specification | Temperature YS (ksi) UTS (ksi) TE (%) RA (%)
A718 Room 1528+ 1.1 [201.9+04 | 203+£3.0 | 28.0+6.9
A718LC Room 1515324 | 2006+07 | 17614 | 21.4=23
N718 Room 157.9+26 | 203.0x29 | 17.8+£22 | 21.4+2.2
N718 LC Room 157.4+25 {2025+1.5 ] 186+2.6 | 26.8+4.4
N718(Mg) Room 163.2+9.8 | 203.7+3.5 | 184+3.1 | 220+3.6
AMS 5662] Room 150 180 6% .. 12% | 8% .. 15%*
A718 1200°F 139.7+03 [ 161.3+2.1 | 11.0£14 [ 15005
A718LC 1200°F 127562 | 1640+1.0 | 13.0x28 | 13.0+42
N718 1200°F 137193 [ 164.0+1.0 | 105+0.7 | 12.1£3.0
N718 LC 1200°F 141.1+87 [ 157.6x58 | 9014 12.1+1.3
N718(Mg) 1200°F 133.6£10.0 | 166.7+1.1 | 11.0=4.2 [ 13.4£2.5
AMS 5662] 1200°F 125 145 6% . 12%% | 8* 5%

* transverse

** longitudinal
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Table 111 Tensile Properties of P/M 718: Heat Treatment I1: 1 hr 2000°F (FC) + age
Alloy/Specification | Temperature YS (ksi) UTS (ksi) TE (%) RA (%)
A718 Room 142.1+3.1 | 193.8+0.0 | 243+0.0 | 38.1=1.7
A718 LC Room 1386+0.3 | 193.3+£03 | 18.6x2.1 | 24.1=1.1
AMS 56621 Room 150 180 OF . 12%*% 8% ]5%*
A718 1200°F 1186 =1.1 | 1556+0.6 | 21.5£2.1 | 264 +2.1
A718 LC 1200°F 1172+£1.6 | 155600 | 23.6x1.0 | 25.8=1.2
AMS 5662] 1200°F 125 145 6% . 12%% | 8% 5%

*transverse  ** longitudinal

hardening. This would have to be verified by TEM. Also, solution hardening of the Y-matrix by
nitrogen on interstitial sites seems likely. The room temperature tensile elongations are around 20%
for all versions. Similarly. the reductions of area are between 19 and 28 %. All specimens exhibit
similar ultimate tensile strength (UTS) levels. just above 200 ksi. except tor Alloy N718LC(Mg).

—_—

At 1200°F. the vield strength after Heat Treatment I varies between 128 and 141 ksi as shown in
Table II. The UTS levels range from 138 to 164 ksi. The tensile elongations range from 9 to 13 %.
the reductions of area from 12 to 15%. Again. the N-atomized materials show lower ductilities than
the corresponding Ar-atomized materials. The ductility at 1200°F is less than at room temperature.
This is not an unusual observation and is attributed to the transition from low temperature to high
temperature deformation mechanisms [8].[13]. [16]. At 1200°F, the strength levels meet or exceed
the values required by Aerospace Materials Specification (AMS) 5662J. while the ductilities.
especially for the N-atomized materials. are lower than the AMS 5662] criteria.

Heat Treatments 11 and 11l increases ductility while slightly reducing strength ( Tables III and IV).
This is in agreement with results of Merrick [6] as well as Radavich and Mevers [8]. The N-
atomized alloys exhibit room temperature vield strengths around 153 ksi. This decrease in strength
compared to Heat Treatment | is most likely due to the increase in grain size. The decrease in
strength is more pronounced in the Ar-atomized materials. Both Allov A718 and Alloy A718LC
show a room temperature vield strength of 144 ksi. The room temperature ductilities improve
slightly: tensile elongations increase to 18 to 25%. reductions of area improve to values from 24to
39%.

Again. the ductility at 1200°F is less than at room temperature. but it is drasticallv improved
compared to Heat Treatment [. Tensile elongations are between 15 and 24% for most conditions.
The exception is Alloy N718. which shows only 12%. Yield strengths range from 117 ksi for Allov
AT7I18LC to 136 ksi for Alloy N718LC. but Alloy N718(Mg) shows a very low vield stress of 100
ksi. Tt is unclear. why the vield stress of Alloy N718(Mg) is so low. All tensile properties except
the vield stress of the Ar-atomized alloys and Alloy N718(Mg) and the reduction of area of the
N-atomized alloys not treated with Mg meet or exceed the AMS 5662J requirements. The UTS
surpasses the requirement of AMS 56621,

Heat treatments [T and I result in fairly balanced tensile properties for Alloys A718 and N718LC.
Overall. the properties are inferior compared to those reported by Flinn e/ al. for PM 718 [7]. mostly
due to the finer grain size in the direct extruded material.
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Table IV Tensile Properties of P/M 718: Heat Treatment I11: 1 hr 2200°F (FC) + age

Alloy/Specification | Temperature YS (ksi) UTS (ksi) TE (%) RA (%)

A718 Room 1439405 | 1964+0.1 | 255409 | 38.6=3.4
AT718LC Room 1433+1.2 | 196.0£0.8 | 22.3+2.5 | 26.8=£4.5
N718 Room 150923 | 195846 | 17.5+£7.0 | 253=+7.6
N718LC Room 152726 | 2002=1.0 | 24.7+0.6 | 38.7+£4.2
N718(Mg) Room 153.8+54 12001 =33 | 22305 | 31.8+6.4
AMS 35662] Room 150 180 6% . 12%F | 8% 15%*
AT718 1200°F 126.5+2.0 § 163.1x22 | 195+3.5 19.1=1.2
A718LC 1200°F 1175493 | 160.8+0.1 | 15.5+0.7 { 17.3+0.1
N718 1200°F 133.0£0.0 | 163.9+0.6 | 12.0+1.4 | 13.8=0.0
N718LC 1200°F 135825 | 162.5=04 [ 170£2.8 | 13426
N718(Mg) 1200°F 1002+44 | 163.80.0 { 15521 | 154=1.6
AMS 5662] 1200°F 125 145 6%, 12%% | 8% 5%

* transverse  ** longitudinal

In general. the N-atomized alloys show greater strength. while the Ar-atomized alloys show better
ductility. but there is no evidence that low-carbon versions perform better or worse than the
standard-carbon versions. Also, no correlation could be found between the content of precipitation
hardening elements. Nb. Ti. and Al. and strength within the range of variation occurring here.

Incidentally, all LC alloys contain about 0.3 % less Nb than the standard-carbon conditions. Nb is
a 8- and y"- former. and generally a higher Nb-content translates in higher strength and fower
ductility due to higher levels of 6- and y"-phases. Therefore. an increase in ductility due to the
lower carbon levels, if it was large enough to be measured. could be masked by a ductility loss
resulting from the higher Nb-levels. Conversely. a decrease in strength due to the lower carbon
levels, again if it was large enough to be measured. could be masked by an increase in strength
resulting from the higher Nb-levels. Investigations of C/W Alloy 718 found no detrimental effect
when the C-level was reduced from 270 to 80 wppm [17]. [18].

The results of the tensile tests indicated that higher solution temperatures are needed for PM 718,
2000°F for Ar-atomized Alloy 718 and 2200°F for N-atomized Alloy 718. Further improved tensile
properties could be expected from the use of faster cooling. especially atter solution heat treatment
[19]. In this study. furnace cooling was purposely employed to simulate the lower cooling rate in
larger work pieces.

For applications which require high strength. a high-alloyed version of Alloy 718 is used. whose
contents of Nb, Ti. Al. and Mo are at the upper limit of the specification [20]. It is known that this
increases strength, but with a penalty in ductility [21]. [22]. In this study. the aims for Ti and Al
were set conservatively to the average between maximum and minimum specified levels, while the
Nb-aim was 5.0 % at a range of 4.75 to 5.50 % (Table I). Taking the lower Nb-level into account.
the strength levels achieved here are fairly good.
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Creep Properties

The creep rupture properties vary considerably with heat treatment and N-level. Still, the results
should be interpreted with caution as material constraints allowed only one sample per condition.

After Heat Treatment I. the creep properties are very poor as shown in Table V. Ductilities are less
than 2% except for Alloy N718(Mg), which exhibits 2.6%. Times to rupture for smooth specimens
range from 20 hrs for Alloy N718LC to 78 hrs for Alloy N718. The notched specimens fail prior
to the smooth specimens indicating notch sensitivity after this heat treatment.

Heat treatments II and III were conducted to alleviate the prior particle and grain boundary
decoration and to improve ductility and toughness. After Heat Treatments IT and I1I. Alloys A718
and A718LC are not notch sensitive and show times to rupture of 60 to 170 hrs combined with an
elongation of 4.8 % meeting the AMS 5662] requirements of 23 hrs and 4 %. respectively. In
contrast. Allovs N718. N718(Mg) and N718LC are notch sensitive even after Heat Treatment I1I.
Alloy N718 also fails below the time to rupture and elongation requirements.

Alloy N718(Mg) exhibits longer time to rupture and higher creep ductility compared to Alloy N718
for both heat treatments (Tables IV and VI). It also shows somewhat higher tensile ductilities at
1200°F (Tables 1T and IV).

Notch sensitivity in Alloy 718 has been attributed to the presence of carbide films or very closely
spaced &-phase precipitates. which weaken grain boundaries [23]. In P/M 718, higher solution
temperatures can avoid the precipitation of relatively coarse 0-precipitates without undue grain
growth. Also, the notch sensitivity of direct extruded P/M 718 was shown to be overcome by a
modified heat treatment. A step at intermediate temperature after solutioning and before ageing led
to the formation of fine. acicular 6-phase and. as a consequence. serrated grain boundaries. which
counteract grain boundary sliding [6]. This route could not be explored during the present study
due to lack of material.

Table V. Creep Rupture Properties of P/M 718 tested at 1200°F, 100 ksi. one test per
condition. Heat Treatment I: 1 hr 1800°F (FC) + age

Alloy/Specification | Specimen Type | Time to Rupture | Elongation | Reduction of Area
A718 smooth 47 0.8 4.8
A718 notched 14 - -
A718LC smooth 61 1.6 5.6
A718LC notched 9 - -
N718 smooth 78 1.6 5.6
N718 notched 1 - -
N718LC smooth 20 1.6 5.6
N718L.C notched 1

N718(Mg) smooth 38 2.6 6.7
N718(Mg) notched 4 - -
AMS 5662] smooth/notched 23 4.0 -
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Heat treatments II and III increased ductility and creep rupture life as intended. but degraded the
yield stress. Alloys based on N718 show superior strength but are notch sensitive, so they would
be the preferred material for applications where high strength is required and creep is less
important. A718-type alloys on the other hand are suited more for applications which demand good
creep properties and a slightly lower strength can be tolerated. The data collected in this study do
not show a performance advantage for either the standard-carbon or the low-carbon version, but
they do show a necessity for a Mg-treatment.

Table VI Creep Rupture Properties of P/M 718 tested at 1200°F, 100 ksi. one test per
condition. Heat Treatment II: 1 hr 2000°F (FC) + age

Alloy/Specification | Specimen Type | Time to Rupture | Elongation | Reduction of Area
A718 smooth 32 5.2 11.2

A718 notched 128 - -

AT18LC smooth 67 7.9 11.2
A718LC notched 125 - -

AMS 5662] smooth/notched 23 4.0 -

Table VII Creep Rupture Properties of P/M 718 tested at 1200°F, 100 ksi. one test per
condition. Heat Treatment III: 1Thr 2200°F (FC) + age

Alloy/Specification | Specimen Type | Time to Rupture | Elongation | Reduction of Area
A718 smooth 82 4.8 10.0

A718 notched 169 - -
A718LC smooth 63 4.8 11.2
A718LC notched 80 - -

N718 smooth 75 1.6 6.4

N718 notched 9 - -
N718LC smooth 61 4.0 9.8
N718LC notched 26 - -
N718(Mg) smooth 90 4.3 7.5
N718(Mg) notched 25 - -

AMS 5662] smooth/notched 23 4.0 -
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Conclusions

P/M 718 alloys with standard and reduced carbon levels were produced by argon and nitrogen
atomization. They are fully dense and have a very fine and homogeneous microstructure. The P/M
718 versions are very resistant to grain growth during heat treatments up to 2200°F.

Heat Treatment I (1800°F solution treatment). the standard heat treatment for C/W Alloy 718 leads
1o heavy decoration of prior powder particle and grain boundary outlining in P/M 718. After Heat
Treatment I, high strength levels and good ductilities are observed at room temperature. while at
1200°F. low ductilities are combined with high strength levels.

The higher solution temperatures of Heat Treatments II and III (2000 and 2200°F solution
treatment. respectively) solve the problem of prior particle and grain boundary decoration for Ar-
and N-atomized alloys. Heat Treatments IT and III result in higher ductilities. especially at 1200°F
and somewhat lower vield stress levels. Taking into account the relatively low levels of precipitate
forming elements. the strength levels are still fairly good.

The Mg-treatment is a necessity to obtain good creep properties. An intermediate heat treatment
step should be explored to reduce notch sensitivity in creep. Improved tensile properties can be
expected from the use of faster cooling. especially after the solution heat treatment.
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