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EFFECT OF VARIOUS AWNEALING CYCLES
O INCONEL T18 MICROSTRUCTURE

ABSTRACT

Metallographic studies were performed to- lmwvestigate the effect
of various ammealing cycles on grain size and precipitate morphology in
Inconel T18 nickel chromium alloy.

Test specimens of .OUO-inch material vere overaged at 1hOOP
for 30 hours and then annealed 15 minutes at 1500, 1600,1700, 1750, 1800,
1900, 2000,2100, and 2150P. '

Before and after aging, the DFH hardness of all meterial was
determined and photomicrographs at 250X and 2000X were prepared.

Annealing temperatures of 1500 and 1600F failed to produce
satisfactory results. Annealing between 1700 and 1800F sdequately dtisolves
precipitataiphases so that subsequent aging produces maximum hardness.

Annealing overaged material at 1900F for 15 minutes appears to
completely dissolve precipitate phases without altering precipitation be-
havior during subsequent aging or encouraging excessive grain growth.

When annesled at tempersatures g-ut'cr than 190(F, excessive

grain grovth can be expected. Precipitation behavior during subsequent
aging also appears different with grain boumdary films forming.
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1. IWTRODUCTION

Inconel 718 is a precipitation hardening, nickel base alloy vhich
offers excellent strenmgth up to 1200F and good veldadbility (referenmce 1).
Nomimal composition of the alloy is 52 M, 19 Cr, 3%, SC + ™, 0.8 M,
0.6 A1, 0.05C, and the remminder iron. Inconel 718 differs from other super
alloys of its class in that aluminum and titanium are not the principsl hard-
ening elements. Instead, it is strengthened by a gamms prime type of pre-
cipitate containing a considerable amount of columbium as vell as molybdenum,
titanium, and possidbly aluminum.

The precipitation hardening reaction of the alloy is relatively
sluggish, a feature of the alloy attributed to relatively slov diffusion
rates of the elements which produce strengthening. This slow aging respomse
is of bLenefit to both fabrication and welding processes. Distortiom is
minimized vhile formability and veldability can be maintained at high levels
because lov amealed hardness is obtained by air cooling from annealing tem-
peratures.

Inconel 718 is being used and planned for many applications at
McDonnell. Because the principal hardening phase differs from other super-
alloys, precipitation behavior during heat treating should be expected to
differ. At the present time information on the effect of commercial heat
treatments on the precipitate morphology is not available in the literature,
To investigate this factor, metallographic studies were performed to observe
precipitation behavior after annealing at various temperatures.

The approximate formula of the principal strengthening phase in
Inconel 718 is Ni3(Cb, Mo, T1). Previous work (references 2 and 3) indicates
the phase to be metastable in mature and possesses a face centered cubic
structure which is coherent with the austenitic matrix. X-ray diffraction
wvork has showvn the lattice parameter of m,(a:, Mo, Ti) precipitate is approx-
imately 0.8% greater than the matrix vhich produces the strengthening lattice
strain. The compound has been found to precipitate heavily during aging be-
twveen 1300 and 1kOOF.

Aging for long times or at higher temperatures results in formation
of stable WixCbh compound with a hexagonal close-packed structure that is non-
coherent vith the matrix., Formation of !!15Cb relieves lattice strain and _
results in overaging. The compound is comimonly observed as a coarse, aciculsr
precipitate formed after aging long times at temperatures from 1500 to 1700F,
It probably dissolves at temperatures in excess of 1850P.

As in most super alloys, the carbon present is tied up by columbium
and some titanium as (Cb, Ti) C. The primary carbide phase occurs as coarse
blocky particles randomly dispersed and relatively insensitive to temperature,
Some solutioning of (Cdb, Ti)C may occur around 2200F and permit reprecipitation
during sging as a grain boundary film. In addition to the primary cartide, TN
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1. INTRODUCTION (CONT'D.)

is also frequently observed as distinctly angular, randomly dispersed particles
that are not dissolved at temperatures as high as 2250F.

While not normally observed in wrought Inconel 718, cast material
bas been found to possess additional phases. A laves phase, Mp (Cb, Ti),is
commonly observed vhere M can be nickel, ironm, or chromiux and molybdemum
may replace columbium and titanium in the radical (Cb, Ti). When wrought
materials are solution treated at temperatures in excess 2250F M, (Cv, T1)
can be formed by incipient melting at the grain boundaries. In castings,
acicular li)@ is observed to occur abundantly around Mo (Cb, Ti) and form
with greater rapidity than in wrought material. On this basis, it has been
s sted that the presence of Cb, Ti) may hasten the formation of acicular
Fixlo, Another carbide, CrqC3, has also been found in cast materials associat-
od with ), (Cb, Ti) and acicular MiaCb. It is probable that Cr,C; is formed
only aftef apprecisble amounts of cOlumbium are tied up as My (63, T4 ) and/or

R.Cb., While these phases are not normally found in wrought Inconel 718, con-
liiontion will have to be given them in evaluating the welding bebhavior ef
the alloy.

This test was conducted by the Structures laboratory, McDonnell
Adreraft Corporation, during the period 2 July 1962 through 28 September 1962.

2. TEST NATERIALS

The material evaluated was Inconel 718 in the form of 0O.OkO-inch
sheet. Material vas received in the mill-annealed temper with a pickled
finish,

3, TEST SETUP AND PROCEDURE

Test specimens 0.040 x .05 x 1,0-inch were sheared from the as-
received material. Except for retaining a sample of as-received materisl,
all specimens were "overaged" at 14OOF for 30 hours.

To determine the extent to which verious annealing temperatures
would eliminate the oversged structure, duplicate specimens wers annealed
15 minutes at 1500, 1600, 1700, 1750, 1800, 1900, 2000, 2100 and 2150F. After
annealing the duplicate specimens, one specimen vas allowed to cool in still
air, vhile the other was quenched in vater.

All specimens vere then sectioned and one-half mounted, DPH hard-
ness vas determined, and the specimens prepared for metallographic examin-
ation. Photomicrographs vere then prepared of as-received material, over-
aged material, and the overaged material vhich vas annealed at the 9 anneal-

ing temperatures.
The same procedure was repested after aging per P8 15603.

MAC 231U (REY | AUG 61)
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3. TEST SEYUP AND PROCEDURE (CONT'D. )

Overaging of the material which vas subsequently annealed, and
aging of the annealed material vere performed in a Westinghouse circulating
air heat-treating furnace. All annesling was performed in tubular furnaces
normally used for mechanical property determimations. The specimens to be
ammealed vere dropped into furnaces,at the desired temperature, along vith a
dummy specimen containing chromel-alwmel thermocouples. Annealing time wvas
assumed to start vhen temperature of the dummy specimen reached furnace
temperature.

DPX hardness was determined using s Vickers Microhardness Tester
and a 10 XG loed.

All specimens vere prepared for metallographic examination using
normal mechanical polishing techmiques. The specimens were etched electro-
lytically using an electrolyte of 50ce HCl, 50cc HyO, and lhcc 3% 8,0, vith
2 platinum cathode and open circuit potential of 2 volts.

k, RESULTS

Table 1 on page 10 gives the DPH hardness of the material after
the various heating cycles. The same results are shown graphically in
Figures 1A and 1B on pages 11 and 12, As-received hardness of the material
vas DPE 188 or Ry 91. Overaging 30-hours at 1400F resulted in a hardness
increase to DPH 358 or Re 39. Annealing at 1700 to 1800F restored the
material to its original hardness of DPH 184 to 188 or 90 to 91. Anneal-
ing at 1900F produced slightly lower annealed hardness (DPH 179 to 180 or
Ry 89) while annealing at 2000to 2150F produced significantly lover annealed
hardness (DPH 151 to 157 or Ry 76 to T7). Water quenching or air cooling
the .0kO-inch material from annealing temperstures, failed to produce any
significant variation in hardness.

Aging the annealed material produced similar results. As-received
material aged to a hardness of DPH 438 or R, 46. The overaged material also
increased in hardness after aging to DPH 4Ol or R, 43. Material aged after

is equivalent to the as-received material, Material amnealed at
had a slightly lowver hardness after aging, ranging from DPH 427 to U33 or

Re 43, However, considerable scatter exists in these results due to the
coarse grain size vhich prevailed. Annealing st 1500 or 1600F appears umsat-
isfactory. Hardness remains at intermediate values betveen that of bvireged
and as-received material in both the anmealed and aged comditioms.

Figure 2 on page 13 shows the microstructure of as-received material
250X and 2000X.

Pigure 5 on page 1k shows equivalent microstructumes of material
overaged for 30-hours at 1400F,

annealing at 1700 to 1900F possessed hardness of DPH k32 to 42 or M6, which
2033 to 21501
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k. RESULTS (CONT'D)

Microstructure of the material after the various annealing and
subsequent aging cycles are shown in:

Figure Page Annealing Temperature
b and 5 15 - 18 1500
6 and 7 17 -1 1600
8 and 9 19 - 20 1700
10 and 11 21 - 22 1750
12 and 13 23 - 2b 1800
14 and 15 25 - 26 1900
16 and 17 27 - 28 2000
18 and 19 29 - 30 2100
20 and 21 31 - 32 2150

Figures 22 and 23 on pages 33 and 34 show the microstructure at 250X
of specimens aged after being annealed at 1800, 1900, 2000, 2100, and 2150F.
Comparison of these photomicrographe shows the grain growth occurring after
annealing at temperatures in excess of 1900F.

Aversge grain diameter of the material annealed at 1900F or below
was 0,025 to 0.035 mm. Annealing at higher temperatures resulted in average
grain diameters of 0.120 mm after 2000F, 0.150 efter 2100F, and 0.150 to 0.200
after 2150F.

5. DISCUSSION OF RESULTS

In the mill-annealed condition, the microstructure of Inconel T18
consists of equiaxed grains showing extemsive twinning which is characteristic
of the austenitic matrix. The primary carbides, (Cb, T1)C, can be observed as
randomly dispersed particles. Also observable are networks of apparently
spherical particles vhich seem to transcend the present equisxed structure but
delineate grain boundaries in a previous deformed structure.

Overaging 30 hours at 140OF results in precipitation that produces
appreciable shading within the grains and visible precipitation at the grain
boundaries. These effects are probably visible evidence of Ni3Cb formation.

Annealing the overaged material 15 minutes at: 1500F removes some of
the shading from inside the grains, although it subsequently returns after aging,
and induces coarser agglomeration of lli3Cb at the grain boundaries.

Annealing 15 minutes at 1600F removes most of the shading from the
grains, although it again returns after aging, and produces extremely coarse,
acicular agglameration of N13Cb at the grain boundaries.

MAC 231U (REV } AUG @1)
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5. DISCUBSION OF RESULTS (COWT'D.)

Material ammealed from 1700 to 1800F and the as-received utori_.al shov

essentially the same structure vhen observed on the optical metallograph.

All shading vithin the grains appears eliminated, even after subsequent aging,
and the networks of small particles again can be observed to wander through
the present structure. Appreciable amounts of coarse Ni3Cob precipitate can
still be observed at the grain boundaries. The size and amount of the Mi3Cb,
precipitate appears to decrease slightly as annealing temperature increases
from 1700 to 1800F.

Annealing at 1900F for 15 minutes appears to eliminate any coarse
grain boundary precipitation of Mi3Cb. The networks of small particles through
the structure still remain along with (Cb, T4 ) C and some TiN.

Annealing at 2000 and 2100F for 15 minutes results in appreciabdble
grain grovth in the material. Except for the (Cb, T1) C and TiN, all phases
observable optically appear to have been completely taken in solution. Hov-
ever, subsequent aging produces visible precipitation at grain boundaries.

This could be reprecipitation of the phase observed as the wandering networks
in material annealed at 1900F and belovw. Annealing at 2150F produces notice-
ably heavier visibie precipitation at grain boumdaries after aging. In addition
to the effects noted in material annealed at 2000 and 2100F, the 2150F annesl
might partinlly dissolve the (Cb, T1) C and redeposit it as films along grain
boundaries 2nd at tvin bands.

6. CONCLUSIONS

Annesling aged Inconel 718 from 1700 to 1800F for 15 minutes will
diseolve sufficient FizCb precipitate to allovw subsequent aging to maximum
hardness. While some coarse precipitate may still remsin in the microstructure
it does mot appear to occur in sufficient quantities to affect mechanical
properties and may serve a useful purpose by inhibiting grain growth,

Annealing aged Inconmsl 718 for 15 minutes at 190CT appears to complete-
ly take into solution all coarse li5Cb present wvithout affecting precipitation
behavior during subsequent aging, or encouraging grain growth.

Excessive grain growth may be expected if anmealing temperstures
exceed 1900F, and subsequent precipitation behavior during aging may be alter-
ed enough to delsteriously affect mechanical properties.

Fo variation in hardness or microstructure wvas found to result from
air cooling or water quenching from asnesling temperatures.
7. RECOMMENDATIONS

An attempt should be made to ideatify the random networks observed
in the microstructures, as well as the grain boumdary precipitatioa resulting

MAC 231U {REV | AUG 61)
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7. RECOMMENDATIONS (CONT'D)

from annealing temperatures in excess of 2000F. It would also be desirable
to determine the effect of high temperature annealing cycles on ductility
of the alloy. More knovledge in these areas will aid in understanding the
welding behavior of the alloy.
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LIST OF EQUIPMENT AND INSTRUMENTS

- Equipment and instruments used in this teat are listed below.
Applicable calibration records are available for inspection.

Item Manufacturer and Model Ko. laboratory Rumber
ArowaX Creep Testing Arcweld Meanufacturing Company USN 000091
Furnace
Marshall Testing L. H. Marshall Products
Furnace 3000°F Tubular Furnace

S/N 520383R
Vickers Microhardness Riehle Testing Machine USN 703040
Tester 8/N R9365
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3 1 e TEST REQUEST

“ MODEL
Misce.

PRODUCTION PARTS FOR TEST NOT REQUIRED [ None

OK for IDEP  WORK REQUESTED (Ni-k)(T-e)(IV-e)

OBJECTIVE (sive PURPOSE OF TEST, WORK AN DATA REQUIRED,
INCLUDING SERVICE HISTORY AND SACROROUND INFORMATION)

1.0 OBJECT

To investigate the effect of various annealing cycles
on grain size and precipitate morphology in the nickel-
chromium alloy Inconel 718,

240 HISTORY

Inconel 718 is being used and planned for many
epplications at MAC, The alloy normally reqguires
annealing and aging beat treating cycles during
fabrication and cycles used have been based on
recommendations from the International Nickel Co.
and internally generated mechanical property data.

3.0 JUSTIFICATION

Metallographic studies of Inconel 718, subjected to
various annealing cycles, will provide background
information needed to deviate, if necessary, from
normal annealing cycles when difficulties are
encountered during fabrication.

4,0 MATERIALS

38 pleces - 0.,040" x 0.5" x 1.0" nickel-chromium
alloy, Inconel 718, cold rolled, annealed,
temper, pickled finish (Material available
from previous procurement)

s 4 pums AN
1o 16-63 na |

REFERENCES OR ENCLOSURES

Applicable to IDEP unless final report is classified, Rew

port Surmary Sheet, MAC 1008TRS required, Completé Report

Summary Sheet and forward along with vellum copy of come

plete report to MAC IDEP Coordinator Depte 261, Bldge 33.

8

v,




5.0 IDENTIFICATION

Identify, by steel stamping, all pieces from 4.0 as follows:

A1, A2 (2 specimens, to be examined as overaged)

B3, B4 (4 specimens, 1500F anneal)

5.1
5.2 Bl, B2,

5.3 C1, C2, C3,
5.4 D1, D2, D3,
5.5 El, E2, E3,
5.6 H1, H2, H3,
5.7 K, kK2, X3,
5.8 L1, 12, 13,
5.9 ML, Me, M3,
5.10 P1, P2, P3,

6.0 HEAT TREATMENT (A1l
6.1
air cool.

6.2

6.3

6.4 Repeat 6.2
6.5 Repeat 6.2
6.6 Repeat 6.2
6.7 Repeat 6.2
6.8 Repeat 6.2
6.9 Repeat 6.2
6.10 Repeat 6.2

ch (4
Db (4
E4 (4
Hb (4
Kb (4
Ly (4
Mh (&

P4 (4

specimens,
specimens,
specimens,
specimens,
specimens,
specimens,
specimens,

specimens,

1600F anneal)

1700F ennee.)

1750F anneal)

1800F anneal)

1900F anneal)

2000F anneal)

2100F anneal)

2150F anneal)

temperatures t 25F)

PAGE ___ . 36
REPORT ______ ALTO

Overage all specimens from 5.0 by furnace heating at 1LOOF for 30 hours,

Anneal the B specimens from 5.2 at 150UF for 15 minutes. Air cool 1 and 2;
water quench 3 and 4,

Repeat 6.2 with C specimens

with D

with E

with H

with K

with L

with M

with P

specimens
specimens
specimens
specimens
specimens
specimens

specimens

using, 1G00OF
using 1TOOF
using 1750F
using 1800T
using 1900F
using 2000F
using 2100F

using 2150F

anneal.

anneal,

anneal,

anneal.

anneal.

anneal.

anneal,

anneal.
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TEST REQUEST NO. 513~336

7.0 METALLOGRAPHIC EXAMINATION "

8.0

7.1

T.2

7.3

T4

7.6

TT

DATA

Send all specimens identified with l'éhand 3's to L. Flanipgan, Dept. 272,
Bldg. 33.

Section and wrepare for metallographic examination,by electrolytic etching
only,all specimens identified with 2's and 4's,

Prepare photomicrographs (highest magnification available) of all mounts
from 7.2 showing the microstructure resulting from each thermal treatment.

Determine grain size of all specimens from 7.2 in accordance with ASTM
standards.

Compare the relative quantities of grain boundary precipitate observed in
21l specimens from 7.2 using the over-aged sample (A2) as a reference.
(Use optical metallographic technique)

Compare the relative quantities of intragranular precipitate of all
specimens from 7.2 using the overaged sample (A2) as a reference.

Resolve and compare the prescipitated phases as completely as possible
using optical metallographic techniques.

REQUIRED

8.1
8.2
8.3
8ok

8.5

Actual heat treat cycles
Photomicrographs of all specimens examined
Grain size of all specimens per ASTM standards

Relative quantities of precipitates as compared to the "over-aged only"
specimen (A2), percent remaining

Comparison of precipltated phases

e




