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Abstract:

The tempring behiaviour of AISI 416 nartensitic stainbess steel over the lemper alure
range from 200 to Y00*C has bueen investigated, with particutar attention being paid to (he
secondary hardening ol sofening effeets produced by the formanon of alfoy carbides during
tempering.

Samples were prepared i the form of cube. these samples were solution anncaled a
1100°C  for 2 hours followed by ol quuenching, then exposed to tempenng at different
temperitores (200, 320, 400, 300, 6bO, 700, X0, D00C) for vanous time, Miciostricture
investigation and sutface harduess measunnents showed that. 416 martensitic stainless steel
can with stand lempering up 1o S00°C, on mcreasmg the tempering temperatur o 600°C. 2
hours are required for complete decomposition of mantensitic structure. while at 700°C. 1 hour
i5 quite enongh. Also the sceowclany harduaing process was detected during taupering
Key words:-  AISL 416 steel - Martensite - Solution amcaling - Tempering - Secondary
hardening - Microstrocture - Softeamy - Carbides
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1- Indroudction:

C Mavtensitic stainless steels are extensively used, in the chemical and
power industries and as compressor blades in modern aircrafl engi,nes
(12). they are generally heat treated to provide woderate corrosion
resistance and a good combination of mechanical properties. This oflen
involves an austenizing heat treatment foltowed by air or fan quenching,

it is well known that tempering of as-yuenched martensitic steel can
bring about secondary haidening when the sollenmyg effect due to
annealing is offset by the precipitation of alloy carbides in the material
(3.4).

However, for staimless steels, tempering inthe range from 450 to
540°C also leads to pbor impacl properties {3,5,0).

The effects of alloying elements on the phase equtlibriun, the
tempering and espceially the secondary hardening characteristics of low
carben 2% chromiun steels have beew extensively sivestigited (5,0).

Most of the studies reported so far (5,7,8) have been concerned with
the tempring reactions and mictostructure of AISI 410 nrartensitic stainles
steel (MSS), which is simullar to AIST 403 MSS in chemical cosposition,
however, there appears to be few data n the literatwre on the
microstructure of both steels as seen using the thin foil transmission
electrun microscopy (TEM) techmique.,

Martensitic stainless steels are also subjected 1o temper brittlencss
(2,3) when they are tempered in the range {rom 130 to 540°C afier
quenching. Tempering it this temperature range 1s generally avoided since
it leads to poor inpact propertics.

In the case of Martensitic stainless steels, carbides precipitates al as
low as 300°C during tempering. The speed of sensitization in stainfess
steels coutatining martensite is generally neh more rapid, because the
carbides form rapidly within the manensitic laths and along the laths

boundaries, and the resulting corrosion can be transgranular, mtergranular,
or mixed(9,10).

Fealing ol the chromium depletion zone in these steels also occurs
more rapidly and s attributed to the faster chromium ditfusion in Bee
marteusite than i Fee austenile (10). Since secondary hardening and
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sensitization of estainless steels Lotk involve the Jormation of giloy
carbides, which for AISE 403 and 410 Martensitic standess  steels are
fargely the chromiwm carbides, it is ol interst to know whether these (wo
processes occur simultaneously or in sequence during tempering of the
steels.

in the present study the various phenomena occuring during
tempering of AISI 416 martensitic stamless steel wilf be investigated.

2- Expermintal details:
2.1 - Material and Heat Treatinent.

The starting material was AIS{ 416 martensitic stainless steel iy the
form of forged bLlades, the cotpositton analysis ol the steel vsed is, Cr 12-
14, C 015, Mu 125, P 0.06,S0.15 Si}, Mo 0.6 wit%. Specimens for
metallographic investigation and surface hardness measurments were
prepared, the dimeunsions of which ave 1 3x1.3x1.3 em.

All speeimens were austemized at 1100°C for 2 hours lollowed by
oil quenching. The as quenched specimens which registered a
microhardness value (HV) of 520 were then subjected (o various
tempering conditions. The tempering temperatures were as {ollows., 200,
320, 400, 500, 600, 700, 800, and 900°C. The tempring 1inie was varied
from 10 min to 390 mun.

2.2 Harduess test:

Hardness  test were  conducted  on the  specimens  using
microhardness tester with vickers indentor (Load=200 grams) . This was
done (0 determine the optimuwm . time Tor peak hardness ot agiven
temperalure. Belore the test the top and the bottom laces of the specimens

were ground to remove the scales formed during the heat treatments and
also to ensowre flat surlaces for measurments.

3- Resnlts :
3.4- Hardness measturements:

The hardness values ol the steel alier various treatments are given in
table I. Each value is (he average of three micaswrements made on single
samnple.

Fig. (1): Shosys the change in hardness as a finction of time for diflerent
lelmpering temperatwes. '

*
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Fig. (2): Shows the chonge in mncrohardness as a function of tempering
temperatures and constant heating time (1 hours).

Fig. (3): Shows the change in MIl of 416 martensitic stainless steel as a
function of temperature-Time parameter (17 {20+out] x 10-2y,

where the temperature i °C and t the time in hours (1 1)

3.2- Microstructures investigations :

Fig. (4): Shows e microstructures ol the samples solution annealed a
1100°C for 2 hours followed by oil quenching, samples tempered at 320°C
for 2 hours, 500°C for 6.5 hours, 600°C for | hour, 700°C for 10 min.
700°C for 2 howrs and 900°C for | hour.

Lamellar martensite together with some twinned marfensile was
formed through quenching and carbides were [otmed on tempering
(Fig. 4).

Fig. (4.A): Shows lammellar mavtensite together with some (winned
martensite which form during quenching from 1100°C after 2 hours.

Fig. (4.B): Shows the microstructure of the steel tempered at 320°C far 2
hours which ts martensite taths.

Fig. (4.C): Shows the mictosiructie ol the steel tempered at 500°C for 0.5
hours, wiuch is marteusile laths, with some blocky of cabides inthe
matrix . For slcel tempered at higher temperatures (700-900°C) farge
blokys of carbides are present. (Fig d. EF.G) .

4- Discussion :

The products of tempered AISI 416 MSS cousist of two types of
carbides Crp3Cq and Cry C3, which fonn at different teniperatures and
times (7). Forlower tempenng tempetatures of 200-500°C, both Crp3Cq
and Cr7C3 carbides are present. Also fine Cr7C3 forms in specimen
tempered at 320°C lor 2 howrs. For steel tempered at higher temperatures
1.e 600, 700 and 900°C, large blocky of Cr3Cq is the predominant
carbide.

4.1- Secondury hardening :

Al a given tenpering tUme the hardness of the sicel incicased
shightly and attamned a peak value in the ranee from 320°C 1o 500°C,
beyond wihich the fardaess dropped  significantly with  increasing
tempering temperature. This increase in harduess is due (v the formation of
fine dispersion of Cia3Cq precipinates tocated in the martensite laths,
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a chaiw of caibides at the grain boyndaries, as well as fine CryC3 particles
at the wrain bowsdaries, This structure has fed o the iporvinent in the
hardness.

[t has been shown that mechanical properties of marlensitic stamless
steel such as hardness (7,8) may have contribution from martensitic faths
wilh a tetragonal distortion and high dislocation density formed by
quenching and then suitable temper. These dislocations in the martensite
maitrix provide sites for carbon atows which are lower in energy than those
orovided by the normal interstitutial lattice positions. Therclor, when
martensite is tempered at  fower temperatures, the first step in the
tempering process is the redistribution of carbon atoms (o those lower
energy sites. '

in many alloy steels cspecially low carbon alloy. sleels, carben
atoms redistribution takes place during quenching through the martensile
temperature range. Somc carbon aloms  precipitate out of the martensite
matrix  during tempering at towe temperatures and form Ci3Cq and
Cr7C3 carbides, which obstract the movement ol dislocations and fead to
further hardening.

4,2- Srrengti losses in the range from 600 “C o 900°C :

Solution anncaling of  AISI 416 MSS at 1100°C for 2 hours
followed by oil quenching gave harduess of about 528 (11V), On tempering
at temperatures up 1o 500°C for different times, 1t was (ound that, hardness
increased due to secondary hardening. On increasing the temperature (0
600°C, it was lound that 2 hours are guite enough for complete softening
of the structure. On increasing the temperature to 700°C, it was found that,
I hour is quile encugh for complete sollening while 10 minules are enough
for the begining of soflening . Also 1t was found that 10 minates were quite
enough for complete soflening at 800 and 900°C.

Conclusion :

1= Microstructural characterization ol AISt 416 MSS austemzed at 1100°C
for 2 hours, vil quenched and then tempered at 320-500°C has shown
(hat the scecondary hardening results from Cr9aCy precipitates in the
martensite laths together with a chain of carbides at the boundaries .

2- Steel tempered in the range from 600 to 700°C lose competely its
strengthe due o the formation of large blocky of Cr3Cg precipitates
(4) distributed at the boundarics of martensite lalhs.
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Fig. (1): Shows the change in microhardness (HV) as a function of time for
different tempering temperatures. (200, 320,400,500,600,700,800,900).
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ig. (2): Shows the change in microhardness {H1V) as a function of

tempering temperatures at constat heating time (1 hour).
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Fig. (3): Shows the change in microhardness (11V) of 416 martensitic
stainless steel as a function of Temperature -Time parameter (T 20+
lagt] x 10-9) where T is the temperature in °C and t time in hours.
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Fig. (4): Shows the microstructures of the samples solution agnealed at
I100°C for 2 howrs followed by oil quenching then
tempered at different temperatures (A,B,C,D,E,F.G).
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A- Solution annealed sample.

C- Sample tempered at 500°C for 6.5 hours.
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F- S;\;wﬁple témpem(ﬂr at 700°C for 2 hours, G- Sample tempered at 900°C for | hour.



