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Abstract

A study on interface condition in high Mn

TWIP steel after initial stage of oxidation

process

WEI CHEN

Department of Material Science and Engineering

Graduate School

Seoul National University

Twinning induced plastic steel, known as TWIP steel, is

now highly adopted to mobile industry because of excellent

mechanical property and light weight. In addition, its ability to

absorb energy during collision is perfect to form car frames.

However, in steel industry, surface protection is a vital part and

hot-dip galvanizing of Zinc coating process has therefore been

selected to coat a thin film above substrate steel. Meanwhile,

before coating, recrystallization annealing has to be adopted for

grain growth and residual stress removal. Hydrogen-contained

atmosphere is built to reduce iron oxides. But this would

heavily influence the humidity and therefore oxidize other

alloying elements, which we called selective oxidation. Coating

quality relies mainly on surface flatness after annealing.

Humidity, which is indicated by dew-point temperature, has
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been approved having a deep influence on selective oxidation at

standard processing line.

A novel Fe-17Mn-1.95Al-0.06Si steel is investigated to

examine the interface condition after oxidation at lower

temperatures with a dew-point temperature equal to -200C.

Effects brought by different duration time and gas composition

were also checked. SEM results show that obvious oxide layer

didn’t show up until 6000C. Both temperature and gas

composition didn’t show a firm relationship with oxide surface

uniformity. With increasing heating temperature, layer thickness

increased from 530-600nm. When extending duration time from

60s to 180s, a more uniform surface formed without a

significant change of layer thickness. EDS mapping result

shows that manganese oxide layer forms above the interface.

Below the interface, some remained manganese element formed

Al-Mn oxides with those penetrated oxygen, while aluminum

oxides formed in even deeper position along grain boundaries.

In between the manganese oxide layer and substrate austenite

steel, there is a Manganese depleted zone forms and remained

steel here transformed from austenite FCC structure to ferrite

BCC structure, which is evidenced by their diffraction pattern.

The deepest position that oxides formed, which means oxygen

penetrated, is almost the same with the depth of

manganese-depleted zone. Oxides type didn’t change with

variation of temperature and duration time. But when gas

composition changes from pure nitrogen, to 10% hydrogen,

finally 20% hydrogen, it varies a lot due to different external

oxygen potential.
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1. Background and motivation

1.1 TWIP steel

Recent years, low carbon steel has been extremely

popular in mobile industry due to higher toughness. First of all,

a balanced and ideal mechanical property, which means a

satisfying combination of ultimate tensile stress and elongation

is the basic demand. In addition to that, fuel efficiency is

terribly desired for energy conservation purpose. By alloying

with certain amount of Mn, martensite transition during cooling

was suppressed and therefore stabilize austenite phase which

possesses our intended mechanical property. Also, by adding

manganese and aluminum, stacking fault energy(SFE) can be

raised to our desired value range. As previous researches

already pointed our that, phase transformation is the main

deformation mode when SFE is lower than 20mJ/m2 ,while

mechanical twinning becomes the main mode when SFE surpass

20mJ/m2[14]. And by controlling SFE, we can therefore influence

the main deformation mode which offers us extraodinary

mechanical property in both strength and elongation[10][13]. Then

high-Mn steel, especially Dual-Phase steel, Transformation

Induced Plasticity(TRIP) steel and Twinning Induced Plasticity

(TWIP) steel, has been deeply developed and commercialized to

reach modern industrial requirement[7],
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Figure 1.11 high-Mn steel application in vehicle frame

Figure 1.12 classification of modern Advanced High-strength steels
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Figure 1.13 schematic presentation of preferred deformation mechanis

depending on SFE changes in high-Mn steels[10].

In modern vehicle industry, power saving and safety are

two fundamental factors that are taken in to consideration.

Higher alloying elements content ensures a light weight mass,

which is different from tradition steel. And the ability to absorb

energy during traffic collision is a standard rule to judge

safety. Strain-induced mechanical twinning plasticity is know to

substantially enhance both strength and ductility of materials.

High-Mn TWIP steel, usually has a Mn content ranging from

15% to 25%, has been attractive for automobile industry,

especially car frame for a long time[7].
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1.2 Hot-dip galvanizing line

Although among those steels, high-Mn TWIP steel

shows the most advanced combination of strength and

formability, one obstacle that hinders it from further application

is surface corrosion. To solve this problem, zinc coating is

adopted to protect the surface. And hot-dip galvanizing has

then become a popular method in industry. However, in order to

receive a perfect coating, we have to guarantee a flat surface,

which is difficult due to pre-annealing before zinc-coating.

Actually, in the continuous annealing line, hydrogen contained

reduction atmosphere is often constructed to block the oxidation

of iron. As a result, selective oxidation of alloying elements

such as Mn, Al by water vapor is inevitable since steel surface

has to be exposed to hydrogen atmosphere. It has been reported

that manganese oxide would heavily deteriorate zinc wettability.

There are mainly two ways to deal with this hurdle. On the one

hand, apply the lowest possible humidity to theoretically

terminate selective oxidation on the surface; On the other hand,

control the relative humidity to produce wettable oxides on the

surface and push internal oxidation happen[4].

Usually, as rolled steel plate will experience reduction

annealing at 780-8500C to eliminate iron oxides and residual

stress. They are then transformed to lead-free zinc bath at

about 4500C. Previous researches have demonstrated that by

adding a small amount of Aluminum into zinc bath, a thin film

of aluminum-iron intermetallic will from above the steel surface

to provide better adhesion between the Zn-coating and the
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substrate steel.

Figure 1.21 standard Continuous Galvanizing Line(CGL) in high-Mn

TWIP steel industry

Figure 1.22 schematic illustration of problems in TWIP steel

processing

1.3 Dew-point influenced oxidation
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Oxides type, morphology and distribution are the product

of both phase transformation and atom diffusion. It has been

pointed our by scientists that the dew-point temperature, as an

indicator of relative humidity, can affects the type and

morphology of surface oxides of many high strength steels.

This is achieved by the following thermal reactions[1,2],

H2O(g)<=>H2(g)+1/2O2

Hong et al. has interpreted a thermal calculation

associating stable oxides with pressure ratio between water

vapor and hydrogen content. And in accordance with

experiments, they revealed that MnO/Mn3O4 were the stable

oxides at –200C dew-point temperature[3].

Given the fact that oxidation on steel surface after

standard recrystallization annealing has been fully studied

through both simulation and experiment. Oxides type,

morphology and distribution formed along the interface are quite

clear to scientists. Also, evidences showing that dew-point

temperature play key role in oxidation process have been widely

accepted. By heating the as-rolled steel under suitable

dew-point temperature at which, oxides would fully form and

stabilize above the interface, we are capable of observing the

interface condition at lower temperature-very initial stage of

oxidation. At the same time, the influence of duration time and

gas composition is checked.

2. Experiment
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2.1 Basic characterization

The as-rolled TWIP steel was first made into powder to

check accurate chemical composition. X-ray was conducted to

identify the main phase of the sample. At the same time, they

are cropped and mirror-polished to observe grain size. 4% nital

acid was used to etch the sample surface.

2.2 Chamber construction

A self-made chamber was built to conduct further

experiments. Heating purpose was achieved by radiation heating

coil inserted at the center position of the main chamber.

Nitrogen and hydrogen gas are injected through a regulator to

reach desired ratio. Humidity controlling is achieved through a

channel containing silica gel or water. Regulated mixed gas

would go through this channel and finally injected into the main

chamber. A turbo molecular pump was equipped to evacuate the

chamber and get rid of impurities. Beneath the main chamber,

there is a zinc coating monitor for direct immersing coating

after heating process (future study).
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Figure 2.21 schematic illustration of main chamer structure

Figure 2.22 home-made chamber with controlling and read-out system
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A B

Figure 2.23 (A) schematic image of main chamber (created using

Auto-desk inventor),(B) internal structure of main

chamber

B

Figure 2.24 (A) schematic image of sample loading shift, (B)

compressed air motivated sample loading shift

A
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B

A

Figure 2.25 (A) schematic image of sample stage(created using

Auto-desk inventor), (B) sample stage before

connecting to loading shift(upper part made by ZrO,

lower part made by TC4)

Sample transportation is achieved through a

self-designed loading shaft. Cropped steel sample was firstly

stabilized on a sample stage through screws. The stage is made

of a titanium alloy (Ti-6Al-4V) because of its relatively lower

heat conductivity and easier to drill thread. Then, the sample

stage is connected to the inner motion shaft through a

connector. The connector is made of Zirconium oxide to best

resist heat conduction to protect the shaft. The shaft comprises

two parts, outer static shell and inner motion shaft. When

moving downward, compressed air was injected to push the

piston connected with inner motion shaft. The sample loading

process was therefore achieved. More importantly, to guarantee

an accurate loading time and speed, the shaft is controlled by a

self-designed circuit. A timer is also added to ensure a
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4-second immersing time in further hot-dip zinc coating.

2.3 Heating process

Main chamber was firstly baked to remove water vapor.

Next, gaseous environment inside the chamber was tested

through humidity controlling process and exact dew-point was

recorded as a reference. Thermal couple was welded onto the

sample to calibrate the sample temperature with coil

temperature. Heating speed of the coil is about5.50C/s, while

actual heating speed of sample is 40C/s. Detailed heating

process was showing inthe table.

Table 2.31 heat treatment methods of as-rolled TWIP steels

2.4 Sample preparation

Considering the fact of gallium pollution and metal

bending, I use tradition sample preparation process instead of

focused ion beam to prepare TEM sample.
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After heating process, samples were firstly coated with

gold on the oxidation surface. Next they were cut into a 1mm X

2mm X 2mm square shape. They were then attached to tripod

polishing stage through heat-glue. One side of the sample was

mirror-polished. Next, this mirror-like surface was off-center

attached to copper grid through M-bond and the raw side of

the sample will be mechanical thinned. Finally, before

ion-milling, the sample was thinned down to 10-20 micrometer.

Liquid nitrogen was used to maintain a –400C temperature

during milling process aiming to eliminate bending. And related

parameters are 6.50 gun location, single modulation at 5.0KeV

for 3 hours.

A B

Figure 2.41 (A) mechanical thinning using diamond paper before

ion-milling (B) ion milling process( LN2 protecting, 6.50

gun incidence, single modulation at 5.0KeV)
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B

A

Figure 2.42 (A) thin chip sample attaching on copper grid loading

before ion-milling( off-center attaching to identify oxide

side) (B) hole containing sample after ion-milling(

observing area is marked with square)
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2.4 Microscopy characterization

Plain-view samples were observed through Joel

JSM-6390Lv (SEM) to examine surface condition after heating.

Cross-sectional samples were observed through Joel JEM-2010F

(TEM) and JEM-3000F(STEM) to examine interface condition.

TEM based EDS were also launched to examine elements

distribution along interface.

3. Result and discussion

3.1 Basic information

Chemical composition is shown in the following table,

Table 3.11 chemical composition of the steel

From the metallographic images of samples before

heating under OM & SEM(4% nital acid etching), we can see

twinning abounds in each grain and the average grain size is

about 3 micro meters.
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A B

Figure 3.11 (A) OM image of etched TWIP steel before heat

treatment.(B) SEM image of etched TWIP steel before

heating

Main phase of the steel was clearly identified as

austenite steel according to X-ray result.

A

B

Figure 3.12 (A) X-ray result.(B) as-rolled steel plate



- 16 -

3.2 Effect of temperature

Take the as-rolled sample as a comparison, 5000C heat

treatment didn’t significantly change the flatness of the surface.

Most area remains the same condition except some isolated

particles. After 6000C heat treatment, surface flatness

dramatically decreased. Basing on EDS mapping of oxygen

element, consecutive oxides formed and nonuniform areas

appeared. At 6500C, this nonuniformity decreased and more

intensive oxides formed.

A

B

C D

Figure 3.21 (A) plain-view SEM image of as-rolled steel. (B)

plain-view SEM image of steel heating to 5000C. (C)

isolated non-uniform spot.(D) flat area
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A

DC

B

FE

Figure 3.22 (A) plain-view SEM image of the steel heating to 6000C.

(B) plain-view SEM image of steel heating to 6500C. (C)

EDS mapping result of oxygen distribution of magnified

non-uniform area.(D) magnified non-uniform area. (E)

non-uniform hole. (F) non-uniform area

As-rolled sample was observed as a comparison. No

obvious elements concentration and oxides were detected

according to TEM image and EDS result. Some copper

redeposits above the interface were found as a result of ion

milling. And selected area diffraction pattern (SADP) of the

substrate shows a typical FCC diffraction pattern with a [113]

zone axis, which means an austenite structure. When it comes

to 5000C heat treatment at -200C dew-point temperature, though

some faint Fe, Mn and Al elements were detected above the

interface, no special oxides distribution were observed and

substrate remains almost the same with as-rolled sample.

Copper redeposits were above the interface. Again, SADP didn’t

show any structure transition and substrate remains FCC
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structure with a [120] zone axis. This is in accordance with

SEM result, the surface flatness wasn’t influenced by heating at

this temperature.

D

A
B

C

Figure 3.23 (A) XTEM image of as-rolled sample (B) EDS mapping

result (C) SADP of substrate (D) SADP of interface

A

B

Figure 3.24 (A) XTEM image of sample heating to 5000C (B) EDS

mapping result
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When steel was heated to 6000C, elements distribution

and condition near the interface dramatically changed. It’s

obvious that a new layer with a thickness of about 530nm

formed above the interface which is proved to be Manganese

oxides by EDS result. Meanwhile, below the interface, a

manganese free zone, which we called manganese-depleted zone

was discovered. The manganese-depleted zone has an average

depth of 700nm below the interface. In the magnified area, we

can clearly see a manganese oxide layer formed at the very top.

And oxygen elements penetrate and diffuse into the interface to

form oxides with alloying elements. Al-Mn oxides were

detected right below the interface. And their diffusion path is

apparently along grain boundary. In deeper position, about

200nm below the interface, aluminum oxides were detected

along grain boundary.

A B

Figure 3.25 (A) XTEM image of sample heating to 6000C( layer

stacking sequence is marked) (B) EDS mapping result
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Figure 3.26 typical spectrum of oxidized sample

A
B

Figure 3.27 (A) magnified area of sample heating to 6000C( oxides

distribution and elemental diffusion path are marked) (B)

EDS mapping result

At 6500C heat treatment, a slightly thicker manganese

oxides layer was detected above the interface and below there

is the manganese-depleted zone. This time, oxides layer is

about 600nm and manganese-depleted zone has a depth of 1

micro meter. Some isolated manganese elements were detected

inside manganese-depleted zone. In the magnified area,
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particle-shaped Al-Mn oxides were detected and aluminum

oxides formed at deeper position below the interface. This

distribution of oxides is almost the same with 6000C heating

condition. Structure of manganese-depleted zone were examined

by SADP. Meanwhile, BCC structure was found with zone axis

of [113] and [001], which indicates a ferrite structure here.

Below manganese-depleted zone, substrate steel remains FCC

structure with a zone axis of [113].

A
B

Figure 3.28 (A) XTEM image of sample heating to 6500C( layer

stacking sequence) (B) EDS mapping result
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BA

EDC

E

c D

Figure 3.29 (A) EDS mapping of magnified area of sample heating to

6500C (B) position reference image (C) SADP in

mangese-depleted zone with [113] zone axis.(D)SADP in

mangese-depleted zone with [001] zone axis.(E) SADP in

substrate with [113] zone axis

Oxidation mechanism can be explained by the following

process. With a relatively high dew-point temperature, which is

above -200C, external oxygen potential is high enough to

penetrate steel surface. Meanwhile, Mn and Al are diffusing out

in different diffusion speed. Mn elements has a faster speed

regarding temperature condition and composition. Therefore it

formed a oxide layer first above the interface. The diffusing out

of Mn elements leaves a Mn-depleted zone near the interface.

Austenite then transformed into ferrite structure. Below the
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interface, some penetrated oxygen may form oxides with Al and

Mn as well and in deeper position, aluminum oxides formed due

to a relatively slower diffusion speed of aluminum elements

under this condition.

Figure 3.210 schematic illustration of oxidation process

3.3 Effect of duration time

Samples were maintained at 6500C with a -200C

dew-point temperature for different duration time. With longer

duration time, surface non-uniformity decreased. Intensive

oxides surface formed.
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Figure 3.31 plain-view SEM result of samples heating at 6500C,

-200C dew-point temperature for different time

When samples were held for 60s at this heating

condition, a 200nm manganese oxide layer was detected above

the interface. Meanwhile, manganese-depleted zone with an

average depth of 200nm formed below the interface. Also,

internal oxides were found within the manganese-depleted zone

with the deepest position down to 200nm. In the magnified area,

manganese oxides formed above the interface and no aluminum

oxides were detected above the interface. Al-Mn oxides were

found in the manganese-depleted zone and aluminum oxides

were formed in deeper position. Oxygen diffused into about

300nm position below the interface to form oxides with other

elements except iron. And the location of oxides below interface

is clearly along grain boundary.

When duration time extends to 180s at the same heating

condition, a 240nm manganese oxide layer formed above the

interface leaving a 230nm depth manganese-depleted zone below

the interface. Al-Mn oxides were found below the interface
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along grain boundary. The deepest position that aluminum

oxides reach is 230nm, which is the same with the depth of

manganese-depleted zone. In magnified area, however, this time,

aluminum oxides were discovered forming above Al-Mn oxides.

And no aluminum oxides found in deeper position.

The thickness of manganese oxide layer is supposed to

increase due to longer duration time. However, samples with 0s

duration time have a 600nm external oxide layer, while 200nm,

230nm with 60s and 180s duration time, respectively. This can

be explained by the non-uniformity. With longer duration time,

oxides surface is more uniform according to SEM result. The

thickness decrease is because a more intensive and uniform

layer formed above the interface, while those loose-connected

non-uniform oxides were detached during heating.
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A
B

Figure 3.32 (A) XTEM image of samples heating at 6500C, -200C

dew-point temperature for 60s. (B) EDS mapping result

BA

Figure 3.33 (A) XTEM image of magnified area (interface is marked)

(B) EDS mapping result
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A B

Figure 3.34 (A) XTEM image of samples heating at 6500C, -200C

dew-point temperature for 180s. (B) EDS mapping result

BA

Figure 3.35 (A) XTEM image of magnified area (interface is marked)

(B) EDS mapping result
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3.4 Effect of gas composition

Samples were heat treated in different gas atmosphere at

6500C. holding time is 60s with a dew-point temperature equals

to-200C. Compared to pure nitrogen environment, non-uniformity

didn’t change too much and spot-shaped oxides formed. With

hydrogen content increased, there isn’t an obvious morphology

change of the surface.

Figure 3.41 plain-view SEM result of samples heating at 6500C,

-200C dew-point temperature for 60s in different gas

atmosphere

When sample was heat treated in hydrogen-contained

atmosphere with a stable dew-point temperature, oxides type

and distribution changed. In a 10% hydrogen atmosphere, a

130nm manganese oxides formed above the interface and below

the interface there is an average 400nm manganese-depleted

zone. No manganese oxides were detected below the interface

and some aluminum oxides formed along grain boundary in the

depth of about 150nm.
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A B

Figure 3.42 (A) XTEM image of samples heating at 6500C, -200C

dew-point temperature for 60s in 10% hydroge (aluminum

oxides along grain boundary is marked) (B) EDS mapping

result

Regarding the 20% hydrogen containing case, a130nm

manganese oxide layer formed above the interface, leaving an

average340nm depth manganese-depleted zone below the

interface. This time, however, no oxides were detected below

the interface.
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A B

Figure 3.43 (A) XTEM image of samples heating at 6500C, -200C

dew-point temperature for 60s in 20% hydroge. (B) EDS

mapping result

Even though samples were heat-treated in the same

dew-point temperature, which is believed to be the dominating

factor that influence oxides type and thickness of surface oxides

layer, there are still differences in oxides type and thickness

between different hydrogen content. This is caused by different

external oxygen potential. We can see clearly from the diagram

that when dew-point temperature equals to –200C, external

oxygen potential, which is represented by the pressure ratio

between water vapor and hydrogen, varies a lot. This variation

lead to different oxide type and layer thickness.
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A
B

Figure 3.44 (A) dew-point temperature in relationship with pressure

ratio between water vapor and hydrogen in pure nitrogen

atmosphere (B) dew-point temperature in relationship with

pressure ratio between water vapor and hydrogen in 20%

hydrogen mixed atmosphere[3]
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4. Summary and conclusion

Obvious oxidation wasn’t observed until 6000C heat

treatment. A thin manganese oxide layer formed above 6500C.

And with increasing, there wasn’t a significant difference( from

530nm to 600nm) in thickness of external oxide layer.  Mn-Al

oxides formed below the interface along grain boundary and

Aluminum oxides formed in deeper position. Meanwhile, the

deepest position, which oxygen penetrated the interface to form

oxides with aluminum, equals to the depth of

Manganese-depleted zone.


When samples were hold at 6500C for 0s, a non-uniform

manganese oxide layer with a thickness of 530nm formed. With

longer duration time at 6500C, a more uniform and intensive

external oxide layer formed. Thickness of firmly-connected

oxide layer didn't change too much from 60s to 180s. And

non-uniform loosely-connected external oxide layer will be

removed. Meanwhile, Mn-Al and Al oxides also formed below

the interface

At a same dew-point temperature, -200C, different

hydrogen composition results in different pressure ratio between

water vapor and hydrogen. The external oxygen potential was

therefore influenced. As a result, only aluminum oxides formed

in 10% hydrogen atmosphere and no internal oxides formed in

20% hydrogen atmosphere.

Once surface oxides formed, there will be a Mn-depleted
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zone between external oxide layer and substrate steel. And this

result in the transformation from Austenite FCC structure into

Ferrite BCC structure.
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국문 초록

TWIP 강철로 알려진 트윈닝 유도 플라스틱 강철은 우수한 기계

적 특성과 가벼운 무게로 모바일 산업에서 널리 채택되었다. 또한 충

돌 시 에너지를 흡수하는 능력은 자동차 프레임을 형성하기에 완벽하

다. 그러나, 철강 표면 보호는 중요한 부분이며, 따라서 아연 도금 프

로세스의 핫 딥 아연도금 공정을 선택하여 기판 위의 박막을 코팅했

다. 한편, 코팅하기 전에, 곡물의 성장과 잔류응력 제거를 위해 재분

배 해제를 채택해야 한다. Hydrogen-contained 분위기 철 산화물을

줄이기 위해 지어졌다. 하지만 이것은 습도에 큰 영향을 미칠 것이고

따라서 우리가 선택적 산화라고 부르는 다른 합금 원소들을 산화시킬

것이다. 코팅 품질은 소둔 후 표면 평탄도에 주로 의존한다. 이슬점

온도로 나타내는 습도는 표준 처리 라인의 선택적 산화에 큰 영향을

미치는 것으로 승인되었다.

새로운 Fe-17Mn-1.95Al-0.06Si 철강를 조사하여 –200C의 이슬

점 낮은 온도에서 산화한 후 계면 상태을 조사한다. 다른 지속시간

및 가스 분위기로 인한 효과도 확인되었다. SEM 결과는 분명한 산화

물 층이 6000C까지 나타나지 않았음을 보여준다. 온도와 가스 구성

모두 산화 표면 균일성과 확실한 관계를 보여주지 않았다. 가열 온도

가 증가함에 따라 레이어 두께는 530~600nm에서 증가하였다. 지속시

간을 60초에서 180초로 연장할 때, 층 두께의 큰 변화 없이 보다 균

일한 표면이 형성된다. EDS 매핑 결과는 망간 산화층이 계면 위에

형성된다. 인터페이스 아래에 남아 있는 망간는 침투한 산소와 함께

Al-Mn 산화물을 형성했고 알루미늄 산화물들은 곡물 경계를 따라

훨씬 더 깊은 위치에서 형성되었다. 망간 산화물 층과 기질 오스테나

이트 강재 사이에는 망간 고갈 구역 형태가 있으며, 여기에 남아 있

는 철강은 오스테나이트 FCC 구조에서 페라이트 BCC 구조로 변화
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되어 있으며, 이는 그 분해 SADP( selected area diffraction

pattern)으로 입증된다. 산소가 침투했다는 의미인 산화물이 형성한

가장 깊은 위치는 망간이 고갈된 지역의 깊이와 거의 동일하다. 산화

물 유형은 온도와 지속 시간의 변화에 따라 변하지 않았다. 그러나

가스 분위기 질소에서 10%, 최종적으로 20%의 수소까지 변할 때, 그

것은 다른 외부 산소 전위 때문에 많이 변한다.

주요어 : 쌍정유기소성 강판, 용융 아연도금, 초기산화, 지속시간,

가스 분위기

학번 : 2016-22081
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