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EXECUTIVE SUMMARY

Overlaying of Type 316 austenitic stainless steel vessel

with Type 430 ferritic stainless steel is proposed for liquid

magnesium service. The interface in this type of bimetallic

configuration has been shown to be a cause for concern as it

contains a hard and brittle martensite microconstituent which

becomes susceptible to cracking under certain conditions. This

study was carried out to standardize the welding conditions and

characterise the interface in order to obtain sound overlay.

Some tests were also conducted to simulate the elevated

temperature service. The investigation has shown that the

interface hardness approaches 400 VPN when no preheating is

employed. However, in the preheated samples, appreciable

reduction in the peak hardness was observed. This has been

attributed to a decrease in the cooling rate of the clad metal

with an increase in the preheating temperature which results in

softening of the martensite. The minimum recommended preheat is

473 K. The samples exposed to thermal cycle tests to a peak

temperature of 1223 K to simulate the service condition did not

show any cracking at the interface after 20 cycles of testing.

Therefore, this study has demonstrated the stability of the

interface between Types 316 and 430 stainless steels at the

intended temperature of service.
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OVERLAYING OF TYPE 316 AUSTENITIC STAINLESS STEEL WITH TYPE 430

FERRITIC STAINLESS STEEL

S. SUJITH* and T.P.S. GILL*

1. INTRODUCTION

Type 316 austenitic stainless steel is preferred structural

material for elevated temperature service because of its superior

high temperature mechanical and corrosion properties. It was

therefore, chosen as a construction material for liquid magnesium

service. However, liquid magnesium is known to preferentially

leach out nickel from austenitic stainless steels, thus making

these steels unsuitable for liquid Mg service. To overcome such

difficulties, the Type 316 vessel is proposed to be lined with

about 3mm thick coating of nickel-free Type 430 ferritic

stainless steel containing approximately 17 %Cr. This report

details various experiments conducted to develop welding

procedure and characterise the overlay of Type 430 over Type 316

stainless steel.

1.1. Type 430 Ferritic Stainless Steel

Ferritic steels are iron-base alloys where Cr is the main

alloying element. These steels resist oxidation up to 800-850 C,

thus are also called heat resistant steels. The notable feature

of these alloys is that the scale formed on oxidation has nearly

the same coefficient of thermal expansion (CTE) as the matrix,

so that it remains protective in spite of cycles of heating and

cooling which is not always the case with Cr-Ni or Cr-Ni-Mo

* Materials Joining Group, Materials Development Division, Indira
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alloys (1). The major use of these heat resisting alloys is in

builders hardware, architectural trim, chute liners, chain

conveyers and liners for storage vessels. These alloys are

generally ferritic in the annealed condition but on welding

undergo transformation to austenite at high temperature, and on

rapid cooling transform to a mixture of ferrite and martensite.

The composition of AISI Type 430 is such that during cooling it

passes through a temperature range over which the structure

consists of delta-ferrite and austenite which on rapid cooling as

encountered during welding transforms to martensite. From the

position of Type 430 in Schaeffler diagram , shown in Fig. 1, it

is seen that 50-80% delta-ferrite may be present depending on the

compositional variations. The amount and morphology of delta-

ferrite in the structure also depends on the cooling rate (3).

Higher cooling rates in the weld may lead to retainment of high

proportions of delta-ferrite.

The recrystal1isation temperature of Type 430 stainless

steel is above 1073 K (2). At higher temperatures, extensive

grain growth may takes place (1). Once the grain coarsening has

taken place there is no other way to obtain fine grain structure

other than cold working. In a weld overlay, usually no cold work

is permitted, the possibility of grain refinement, therefore, is

1imi ted.

Mechanical properties of AISI Type 430 are found out to be

poor (3). Low elongation values and low impact toughness have

been reported (3). PWHT at 1073 K does not improve impact

toughness, but marginal improvement in elongation is possible.



Low impact toughness is mainly because of the presence of high

proportion of delta-ferrite. The coarsening of delta-ferrite

further impairs the mechanical properties. The weldability of

AISI Type 430 is very poor (4) and necessitates stringent control

on the welding process. Cold cracking is commonly encountered in

this steel, because of higher sensitivity of diffusible hydrogen

towards martensite. Thus, care should be taken before welding to

avoid such delayed cracking by baking the electrode at 473-573 K

for 2 hours. Also preheating the base metal and welding with low

heat input helps in reducing the incident of this type of

cracking.

1.2. Type 316 Austenitic Stainless Steel

The austenitic alloys constitute the largest group of

stainless steels in use, making up 65 to 70% of the total for the

past several years. They occupy their dominant position not only

because of their excellent resistance to aqueous corrosion, but

also because of an extensive inventory of ancillary properties

stemming from the wide choice of compositions available within

the range. These properties, depending on alloy composition,

include strength at elevated temperatures, stability at cryogenic

temperatures, ease of fabricability, and absence of

ferromagnetism. Type 316 stainless steel is the best known and

the most widely used alloy among the austenitic class of

stainless steels. The nominal composition is 16% chromium, 8%

nickel and 2% molybdenum. The addition of molybdenum imparts

improved resistance to localised corrosion and leads to better

high temperature mechanical properties.

Weldability of austenitic stainless steels is generally



considered to be good. These alloys can tolerate considerable

variations in welding conditions without the risk of* cracking.

Nonetheless, stainless steel weld metals deposited in a single or

multipass may crack during deposition if they are fully

austenitic. The susceptibility to cracking can be minimized by

retaining a small amount of delta-ferrite in largely austenitic

matrix or limiting the amount of certain harmful tramp elements

such as sulphur and phosphorous below certain level. The

compositions of Type 316 stainless steel weld metals are designed

to give between 2 to 10% delta-ferrite.

During the welding of stainless steels, the heat affected

zone may become prone to corrosion attack. This phenomenon is

popularly known as sensitisation or intergranular corrosion. It

is believed to be caused by the precipitation of chromium

carbides at grain boundaries. The imposition of welding thermal

cycle on the base metal is responsible for the precipitation of

carbides. Since chromium carbide is enriched in chromium, its

precipitation at the grain boundaries causes depletion of

chromium in the adjacent regions. These depleted regions become

susceptible to selective corrosion attack. The problem of

sensitization can be controlled by using - low carbon alloys,

nitrogen added materials, stabilized stainless steels, lower heat

input during welding etc. The tendency of austenitic stainless

steels to sensitization increases with increase in the preheating

temperature and interpass temperature. Therefore, while welding

these steels it is mandatory to limit the interpass temperature

to a maximum of 473 K.



1.3. Overlaying of Type 316 by Type 430

Overlaying of ferritic steel on austenitic stainless steel

is considered to be a major problem (4), because of the formation

of hard brittle martensite at the interface (5). The difference

in CTE of base metal and overlay generates thermal stresses at

the interface which may lead to crack formation in these

dissimilar joints (6,7). The interface in such joints may also

become susceptible to hydrogen assisted cracking if proper

precautions like baking of the welding consumable and adequate

preheating of the work piece are not taken.

The hard, brittle and elongated martensite at the interface

between Types 316 and 430 stainless steels is the main culprit

for crack initiation and propagation in the as-welded structure

(2,3). The presence of martensite at the grain boundaries is a

cause of brittleness in the weld metal (2,8). In other words it

reduces the capability for plastic deformation. Therefore, the

component after welding should be postweld heat treated (PWHTed)

to about 1073 K to obtain the tempered martensitic structure.

PWHT also can cause the precipitation of carbides in the matrix.

The precipitates both at the grain boundaries and within the

grains make the structure extremely prone to brittle failures.

The contradicting requirement of Type 430 and Type 316 (i.e.

430 needs preheating whereas 316 does not) makes the welding

process of overlaying highly complex. Thus it is necessary to

optimize the welding procedure and preheating conditions to

satisfy the requirements of these two alloys.

As mentioned earlier the CTE of austenitic stainless steels



is higher than ferritic stainless steels (10,11). This results in

the induction of stress and plastic strain at the interface on

exposure to variation in temperature which finally may lead to

cracking at the interface. In any cladding process, there should

be minimum dilution at the interface. This can be better

understood by positioning Type 316 and Type 430 on the Schaeffler

diagram, as shown in Fig. 1. A tie line joining these two

locations will provide information on the composition and

micros trueture of the mixed interface alloy. For bead-on-plate

SMA welds, a typical dilution of about 30% is commonly used. The

base metal (Type 316) corresponds to the point A and the as-

welded Type 430 composition is denoted by C in Fig. 1. Assuming

greater than 50 % dilution of Type 430 with Type 316, one can

easily predict the different phases which may be present at the

interface.

Recommended PWHT for Type 430 to temper the martensitic

microconstituent after the welding operation is about 1073 K.

However, for liquid magnesium applications, the structure will be

exposed to a temperature of 1173-1198 K. At this high

temperature, the improved properties/strueture achieved by PWHT

is overridden by the service conditions. Thus the PWHT at 1073 K

is not necessary for such component which will operate above the

PWHT temperature. At service temperature the material is

expected to undergo appreciable recrystallisation (1).

To study the effect of preheating on the soundness of

cladding, deposits were made under three preheating conditions

namely; (i) room temperature (300 K) (ii) 473 K and (iii) 673 K.

The effect of preheating temperature on the microstructural



aspects has been discussed. The samples were exposed to high

temperature thermal cycles to simulate the service conditions.

The influence of such thermal variations on the interface

stability has been presented.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

A 12 mm thick plate of Type 316L(N) was. employed for

overlaying by Type 430 ferritic stainless steel. The chemical

composition of 316L(N) base plate is given in Table 1. Heavy

coated rutile type, corrosion and heat resistant Type 430 stick

electrodes (17% Cr) were employed for the overlay studies.

Table 1 presents the composition of the all-weld sample.

2.2. Welding

Three Type 316L(N) samples dimensioned 250xl25xl2mm were

fabricated and four beads constituting one layer were deposited

by SMA welding process using 430 electrodes. Three preheating

conditions were employed namely; room temperature (300 K ) , 473 K

and 673 K. The samples were designated as 300-1L, 473 -1L and

673-1L corresponding to preheating temperatures of room

temperature (300 K ) , 473 and 673 K respectively. On another set

of three base metal samples, the overlaying was carried out in

two layers keeping the welding conditions the same as were • used

in the preparation of the single layer samples. These samples

were designated as 300-2L, 473-2L and 673-2L corresponding

respectively to preheating temperatures of room temperature (300

K ) , 473 and 673 K. A schematic illustration of the single and

double layer overlay is shown in Fig. 2.



The welding parameters used are given in Table 2. The

electrodes before welding were baked at 523 K for 2.5 hours in a

muffle furnace. This operation ensures reduction in the

diffusible hydrogen content in the weld metal. The preheating of

the base metal was carried out by oxy-acetylene flame to the

desired temperature under slightly carburizing atmosphere.

2.3. Non Destructive Testing

All overlayed samples were tested for soundness by X-ray

radiography and Ultrasonic testing to find the presence or

absence of microcracks.

2.4. Thermal Cycling Tests (Under no load condition)

Rectangular overlayed plates having dimensions 250x65xl2mm

were cut from the as-welded samples after ultrasonic testing, as

shown in Fig. 3. In order to simulate the service conditions,

the specimens in the as-welded condition were thermally cycled to

a peak temperature of 1223 +_ 10 K with a hold time of 2 hours in

a muffle furnace. The thermal cycling was continued for a

maximum of twenty cycles. The specimens were cycled between room

temperature and 1223 K. The specimens were first held at 1223 K

for 2 hours in a furnace, then removed and cooled to room

temperature in still air, and subsequently reintroduced into the

furnace to repeat the cycle. The chart showing the details of

thermal cycling is shown in Fig. 4.

A notable observation during the progress of thermal cycling

test was that of pronounced spalling of oxide layer from

austenitic stainless steel surface of the composite specimens,

when specimens were unloaded from the furnace for the cooling



part of the thermal cycle. This spalling of the oxide layer from

the surface was invariably associated with loud cracking sounds.

After every two cycles, the surfaces of the samples were

polished to the required level to conduct D-P test. First the

dye was applied at the interface region and was allowed to seep

into the discontinuities open to the surface at the interface

region. Then developer powder was sprayed to reveal any surface

defects. Ultrasonic testing was carried out at the end of the

twentieth cycle to reveal the presence or absence of microcracks

at the interface.

2.5. Metallography

Transverse sections of dissimilar joints were cut from the

overlayed plates for metallography examination. These sections

were mounted, ground and polished using conventional

metallography procedures. After final polishing the samples were

etched with Fry's reagent to reveal the micros trueture of the

ferritic steel, interface and austenitic base metal (9).

2.6. Microhardness Measurement

To investigate the influence of preheating temperature on

micros truetural features, hardness values in the as-welded as

well as thermal cycled conditions were measured, on the mounted

samples which were used for the metallography studies. The

microhardness profiles traversing weld metal, interface and base

metal were taken at the intervals of 300um using 500gm load, on

all the samples.

3. RESULTS AND DISCUSSION

3.1. Non Destructive Examination

The overlayed specimens, tested after welding by X-Ray



radiography and Ultrasonic methods, showed no indication of

microcracks, pores or slag entrapment. The specimens were

fabricated as shown in Fig. 3 to conduct thermal cycling tests.

After every two thermal cycles, DP test was carried out to reveal

presence /absence of microcracks at the interface. All the

specimens after the completion of twenty cycles were tested

ultrasonically and no microcracks could be detected thus

indicating the stability of the interface of the dissimilar

joint.

3.2. Metallographic Examination

3.2.1. As-welded condition

The microstructure of the ferritic stainless steel deposit

without preheating (samples 300-1L and 300-2L), Fig. 5, consisted

of elongated and hard martensite throughout the weld metal, while

those with preheating, Figs. 6 and 7, consisted of tempered and

rounded martensite in ferrite matrix. Further, in all the cases,

higher amount of martensite was observed near the fusion

boundary. With rapid cooling, the austenite formed at high

temperature is transformed into martensite, and the room

temperature microstructure contains ferrite, martensite and

carbides. Although austenite appears on cooling in increasing

amounts down to 1423 K, it is formed from delta-ferrite and its

eventual disappearance is caused by regression into ferrite

grains. With base metal preheating, the cooling rate is

decreased, which helps in tempering martensitic structure. With

673 K preheating, the cooling rate is extremely slow, as a result

recrystal1ized martensite is present in the sample. In this

10



alloy, cooling rate appears to exert a dominant role in deciding

the amount and morphology of various tnicroconstituents.

At some distance from the fusion line and in the overlay,

highly elongated untempered martensite laths were observed (Fig.

lb) which could lead to a more susceptible microstructure for

crack initiation and propagation. However, in the preheated

samples, tempered and recrystal1ized structure was seen which

underlines the importance of preheating.

3.2.2. Thermal cycled condition

The recrystallisation temperature of ferritic steel (17% Cr)

is generally above 1073 K (2). The peak temperature during

thermal cycling was 1223 +_ 10 K for all the specimens. Extensive

grain growth was observed after the thermal cycling test. Fig. 8

shows a typical case of grain growth in the thermal cycled

samples. The grain growth is generally more pronounced in the

ferritic structures because of faster diffusion rates than in the

austenite structures. The ferritic stainless steels show more
•

rapid grain growth and lower grain coarsening temperatures than

the austenitic stainless steels. At 1223 K, the ferritic steels

transform to an equilibrium mixture of ferrite and austenite. In

this temperature range the ferrite grains tends to grow rapidly.

Once the grain coarsening occurs, it becomes difficult to

decrease the grain size except through the cold working and

recrystallisation route.

On thermal cycling, extreme grain growth was observed in all

the specimens. The extend of recrystallisation can be seen by

comparing Figs. 5 and 8. Fig. 8 shows islands of martensite

11



within the grains. Colombier and Hochman (1) have also observed

a similar microstructure after quenching ferritic steel in water

from 1473 K. The samples with preheating and subsequently-

thermal cycled also showed similar microstructures, as shown in

Figs. 9 to 12.

3.3. Microhardness Profile

3.3.1. As-welded Condition

Fig 13(a) shows the micro hardness profile across the

interface of single-layer overlays. It has been observed that

the hardness peak in the ferritic steel adjacent to weld

interface is caused by higher proportion of martensite due to the

dilution effects at the interface. Dilution effect increases

austenitic content at higher temperature, thus, resulting into

more martensite on rapid cooling to the ambient temperature.

However, dilution will be higher with increasing base metal

preheating, but cooling rate is lowered. At 673 K preheat, the

peak hardness near the interface was about 235 VPN which is

appreciably lower than the peak hardness observed (about 400 VPN)

in the 300-1L sample. This underlines the importance of cooling

rate on the maximum hardness achieved in the interface. The

change from untempered to slightly recrystal1ized structure does

result in significant reduction in hardness values. The

elongated martensite at higher cooling rate was changed to

slightly recrystal1ized structure at lower cooling rates as shown

in Figs. 5 to 7. Hence, it is clear that, cooling rate plays a

dominant role on hardness values. Fig. 13(b) shows hardness

profile in double-layer overlays. These plots show generally the

same trend as observed in Fig.l3(a).

12



The trough and peak in hardness values within the overlay is

because of the transition from one layer to another. The

deposition of the second layer will tend to temper the interface

micros trueture thus resulting in lower hardness values. It may

also influence the micros trueture of the first bead and change

the hardness depending on the cooling rate.

3.3.2. Thermal cycled condition

The hardness profile from the thermal cycled samples were

influenced by many factors such as- (i) grain growth of ferrite,

(ii) recrystallisation of martensite, (iii) fine carbide

precipitation on cooling, (iv) dilution at the interface, and (v)

cooling rate effect. Dilution and the cooling rate effects were

the deciding factor in the as-welded condition and also appear to

influence the hardness profile in the thermal cycled condition

particularly near the fusion line. At high temperature i.e.

above recrystallisation temperature, grain coarsening and

recrystallisation of martensite may predominate, resulting in

substantial reduction in hardness values for all specimens. The

precipitation of fine carbides during cooling does not contribute

much to hardness in any of these samples. The variation in

hardness from one sample to the other is attributed to the

dilution and cooling rate effects. Thus, even in the thermal

cycled samples, the shape of the hardness profile remains almost

the same as in the as-deposited samples (Figs. 14(a) and (b)).

In all the single-layer samples, lower peak hardness near the

interface region was observed after thermal cycling (Fig. 14(a)).

This indicates that alloy chemistry in the Type 430 deposit

13



adjacent to the fusion line which has been diluted with Type 316

chemistry softens more effectively on heat treatment as compared

to the undiluted region of Type 430 deposit.

Double-layer samples showed more scatter in hardness values as

shown in Fig. 14(b). This may be due to the presence of islands

of martensite within the grains. Colombier and Hochman (1) also

observed similar islands and found the hardness values of

martensite to be 464 and 224 VPN, which are very close to the

observed hardness values from this study, i.e. 415 and 215 VPN.

Like in single-layer samples, the interface has been softened

after the thermal cycle testing but the hardness of the undiluted

Type 430 composition remains high and depends strongly on the

preheating temperature used.

4. CONCLUSIONS

1. Non destructive tests revealed no defects within the overlay

or at the interface in any of the conditions employed, i.e. no

preheating and preheating at 473 and 673 K.

2. Preheating the base metal exerted significant influence on

the microstructure and properties of the overlayed samples. In

the samples overlayed without preheating, hard untempered

martensite was formed which on preheating to 673 K changed to a

softer recrystal1ized martensite.

3. Cooling rate and the dilution effects were the predominant

factors in deciding hardness profile in the as-welded condition.

Among these two factors, cooling rate was found to be more

influential in deciding the hardness of the interface.

14



4. Appreciable reduction in overall hardness values were

obtained in all the specimens after thermal cycling test.

However, more effective softening was observed at higher

preheating temperatures.

5. RECOMMENDATIONS

This study has shown the beneficial effect of preheating in

avoiding the formation of hard and brittle martensite at the

interface. Though no incidence of cracking at the interface was

detected in the unpreheated samples but it is expected that

stresses generated in actual cladding situations could be of

higher magnitude which may lead to cracking. Therefore, it is

desirable to employ preheating temperature. The present study

suggests that preheating to 673 K gives the best properties but

higher preheating temperatures may lead to enhanced weld metal

fluidity and as a result problems may be encountered in

controlling the bead profile. Moreover, it will be difficult for

the welder to perform cladding if the preheating temperature is

too high. Therefore, a minimum preheating temperature of 473 K

is recommended.

The application of preheating may also be desirable from the

viewpoint of hydrogen assisted cracking. In the as-deposited

condition, martensite has been observed in the weld metal as well

as at the interface. Both microstructures may show susceptibility

to hydrogen assisted cracking if sufficient amount of diffusible

hydrogen is retained in the weld metal. Therefore, it is

recommended that the electrodes should be baked to reduce the

15



amount of diffusible hydrogen.
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Table 1 - Chemical Compositions of Base and Clad Metals (wt %)

Ni Cr Mo Si Mn Cu N

316 Base 0.03 12.10 17.20 2.55 0.35 1.72 0.16 0.06 0.001 0.023

430 Weld* 0.70 15.40 0.54 0.83

Cr = 20.28, Ni = 15.66
eq eq

fCr = 16.21, Ni =2.51
eq eq

Table 2 - Welding Parameters

Welding Process

Current

Voltage

Speed

Polari ty

Electrode baking temp

Electrode Baking Time

SMA

10 0-110 amps

10 volts

30-35 mm/sec

DCEP

523 K

2 . 5 hours

18
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Fig.2. Schematic illustration of the single

and double layer overlay specimens
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Fig.3. Schematic of thermaf cycling test specimen
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Fig. 5. Optical photomicrographs of ferritic stainless steel depo-
sits in the as-welded condition (no pre-heat)
(a) base/weld interface (single layer) and
(b) weld structure (double layer)

Fig. 6. Ferritic stainless steel in the as-welded condition (473 K
pre-heat; double layer)
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Fig. 7. Optical photomicrographs of ferritic stainless steel over-
lay in the as-welded condition (673 K pre-heat)
(a) weld region (single layer)
(b) base/weld interface (double layer)
(c) weld region (double layer)
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Fig. 8. Optical photomicrographs of ferritic stainless steel depo-
sits after thermal cycling test (no pre-heat condition)
(a) base/weld interface (single layer)
(b) weld structure (double layer)

Fig. 9. Ferritic stainless steel overlay subjected to thermal cy-
cling test (473 K pre-heat; single layer)
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Fig.10. Optical photomicrograph of the weld deposit after thermal
cycling (673 K pre-heat; double layer)

Fig.11. Photomicrograph of ferritic stainless steel weld deposit
after thermal cycling test (473 K pre-heat; single layer)

Fig.l2» Ferritic stainless steel deposit after thermal cycling test
(673 K pre-heat; single layer)
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Fi g. 13. MICROHARDNESS PROFILES ACROSS TYPE 43 0 OVERLAY AND TYPE
316LN BASE METAL IN AS-WELDED CONDITION
(a) SINGLE LAYER OVERLAYS (b) DOUBLE LAYER OVERLAYS
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Fig.14. MICROHARDNESS PROFILES ACROSS TYPE 430 OVERLAY AND TYPE
316LN BASE METAL AFTER THERMAL CYCLING TEST
(a) SINGLE LAYER OVERLAYS (b) DOUBLE LAYER OVERLAYS


