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The main goal this work is to evaluate the occurrence of the constituents and microphases observed
in as-received API X80 pipe through the microstructures transformed from rich-carbon remaining
austenite obtained via heat treatments. These heat treatments comprised austenitization at 1000 °C for
30 minutes, followed by annealing at 700 °C, 623 °C, 542 °C and 462 °C for 15, 60 and 300 minutes
and then cooling in water or still air. The effects of the increase in annealing parameters were: 1) the
increase of microhardness values of the MA constituents and martensite islands, 2) the grain size of
both ferritic phase and the martensite islands were increased, 3) the rise in the mean free path of ferrite
and 4) the microstrains of samples were decreased. The cooling rates influenced significantly the
transformation of carbon-rich remaining austenite to hard constituents and several microphases. After
annealing at 700 °C during 60 min followed by quenching, the morphology of the MA constituents
and its microhardness values were compatible for both heat-treated and as-received conditions.

Keywords: API 5L X80, remaining austenite, carbon enrichment, martensite, granular bainite,
MA constituent, aggregate of ferrite and carbides, scanning electron microscopy

1. Introduction

API steels are produced by thermomechanical controlled
processing (TMCP) followed by interrupted accelerated
cooling (IAC) above Ms or by TMCP without accelerated
cooling using a careful alloy design and finishing rolling
temperature in the dual phase field, where the main hardening
mechanisms are grain refining and precipitation. Steels rolled
in the dual phase field can present a complex and multiphasic
microstructure. However, significantly transformations in
microstructure occurs when the steel is submitted a thermal
cycle with peak temperature of 1000 °C, typical of several
situations during service such as hot bending.

In the dual phase domain the steels present the formation of
proeutectoid ferrite and part of austenite remains untransformed
(remaining austenite). Depending on the carbon content and
final cooling rate, the remaining austenite can be transformed
into different phases and constituents.

This work studies the microstructural evolution of an
API 5L X80 (Nb Cr Mo V) steel obtained by heat treatments
at laboratory scale without strain effects. This alloy was
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austenitized and submitted to annealing followed by cooling
in water or still air. Temperature and time were the variables
in these heat treatments of annealing. The effect of the carbon
content on the phase transformation of the remaining austenite
was studied. The microstructural comparison was based on
morphological aspects and in the correlation between the
microhardness values of the MA constituents and martensite
islands and its carbon contents.

2. Literature Review

In intercritical finishing rolling the coexistence of
proeutectoid ferrite and remaining austenite results in an
inhomogeneous microstructure'?. The strain of austenite-ferrite
mixture and the subsequent transformation of the remaining
austenite and proeutectoid ferrite have received very little
attention’. The strain in the dual phase field increases the total
area of the austenite/ferrite interface that raises the rate of
carbon and manganese diffusion during the ferrite growth®.
The plastic strain of austenite influences the kinetics of ferrite
formation’. In general, the austenite strain increases the Ae,
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temperature®. All this promotes the carbon enrichment of
the remaining austenite during dual phase finishing rolling
and significantly influences the final microstructure of
as-received material.

The cooling rate affects the product from the remaining
austenite transformation and its volumetric fraction”!!.
However, the stability of austenite phase stems from significant
differences in grain volume and carbon content from grain
to grain'2, This inhomogeneity of the carbon content in
remaining austenite will form a complex microstructure after
the final cooling stage'. In this process, the carbon atoms
migrate to the austenite through the y/a interface due to the
lower carbon solubility in ferrite and then diffuse into the
austenitic grain interior.

Since the ferrite transformation is extended, a large
amount of austenite transforms to ferrite and the remaining
austenite is more stable!®'*!5. The undercooling of austenite
will influence in the carbon enrichment of remaining austenite
because increasing the undercooling a lower volumetric
fraction of proeutectoid ferrite will be formed and the time
for the growth of ferrite will be small'>. When the remaining
austenite has eutectoid composition it is converted into
pearlite!®!”, however after water quenching the remaining
austenite is transformed into as-quenched martensite®!'s17.
The granular bainite is formed in the continuous cooling
from the untransformed austenite under favorable conditions
of chemical composition and appropriate cooling rates'.
A granular bainite region is constituted by blocks of MA
constituents dispersed in a ferritic matrix with any morphology.
The MA constituents in granular bainite are carbon-enriched
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cooling rates to achieve a martensitic microstructure, avoiding
the formation of ferrite, pearlite and bainite from remaining
austenite decomposition®**. However, some retained austenite
may be present in microstructure after the final cooling?%.

The martensite microhardness (400 — 680 HV)!?”28] can
be correlated with the carbon content®. The carbon is the
element that controls the martensite hardness?>. The MA
constituents have carbon content range from 0.5 to 0.8%!*\.
HSLA steels show carbon contents of the MA constituents
from 0.6 up to 2.2%"'*? independently of steel carbon content.

3. Experimental Procedure

The fluxogram of the developed work is presented in
Figure 1. The API X80 steel of this work was produced by
TMCP without accelerated cooling and sampled from a pipe
obtained by the UOE process (U for U-ing cold forming
from the plate, O for O-ing cold forming from the U shape,
E for cold expansion to meet the geometric tolerances).
The steel rolling parameters were heating at 1250 °C for
300 minutes, roughing rolling between 1150 and 1000 °C,
finishing rolling in the dual phase field (730 °C) and after
reaching 680 °C, cooling in still air to room temperature.
The chemical composition of steel is presented in Table 1.

The pipe sections were submitted to thermal cycles,
as schematically shown in Figure 2. These heat treatments
consist of austenitization at 1000 °C for 30 min followed

Table 1. API 5L X80 chemical composition.

Elements (wt. %)

due to the partitioning of carbon to the remaining austenite C Mn Si P S Al Nb \%
. o o
during the austenitic decomposition®*. 005 174 021 0018 0.002 0.042 0.069 0.022
The addition of a l.arge content of y-s.tz%blhzer alloylpg Elements (wt.%) CE (wt. %)
elements, such as C, Ni, and Mn, can stabilize the austenite - Ni C C M N b prees
J .. 1 1 r u o cm
below room temperature?>. When the hardenability is increased
by carbon enrichment of austenite is possible to use slow 0014 0011 0.147 0.008 0.177 0.005 0.17 041
Formation of constituents
and microphases
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Figure 1. Work fluxogram.
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by a transfer to another furnace, where was applied the
annealing. The samples were cooled in water or still air to
room temperature during the final stage of thermal cycles.
In general, the transformation temperatures were estimated
from nominal chemical composition by empirical equations
available in the literature’**. The temperatures Ar, = 785 °C
and Ar, =705 °C were experimentally measured by dilatometry.

Transformation starting temperatures such as Bs (623 °C)
and Ms (462 °C) were used as reference for the holding
temperature in annealing, additionally an intermediary
temperature Bi (542 °C) between Bs and Ms and a temperature
of 700 °C above Bs, although below Ar, (742 °C), were
applied. These temperatures were calculated according to
the empirical equations of Andrew’s* and Ouchi et al.’.
Three different holding times were employed (15, 60 and
300 minutes) in order to promote different levels of carbon
enrichment in the remaining austenite during annealing.

The metallographic characterization was performed on
the cross section of the plate thickness, by optical microscopy
(OM), scanning electron microscopy (SEM) and X-Ray
diffraction (XRD). The microhardness Vickers measurements
(HV 50g and HV 10g) of phases and constituents were obtained.
The volumetric fractions of the carbon-rich constituents
were determined by optical microscopy. The grain size and
volumetric fractions were measured applying ASTM standard
E-112 and ASTM standard E-562, respectively.

The determination of the martensite lattice parameter can
give an indication of the carbon enrichment through X-Ray

I Austenite

[ | Proeutectoid ferrite

[l Rich-carbon remaining austenite

/ 30 min \ 77 Martensite
/ \ W )

Temperature (°C)

l.'\\\\‘!ﬁ
A Pl

Room —

Temperature Water

Still Air

Time (min)

Figure 2. Schema of thermal cycles applied in this study.
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diffraction®*-°, however in current work the carbon contents
were estimated from the formula of Hrivnak®' (Equation 1).

%G, = (HVM™ ~15)/ 575 (1

The annealing parameters of holding time and temperature
were varied to achieve different levels of carbon enrichment in
the remaining austenite. After quenching, the microhardness
values of martensite islands were measured and converted
into the carbon contents by the formula of Hrivnak. These
annealing parameters affect the effective carbon diffusion
distance in the austenite from 0/8 interface®’. This diffusion
distance can be determined by Zener model, which shows
that the increase in time raises the effective carbon diffusion
distance in the austenite and the temperature have influence
on the carbon diffusion coefficient in austenite’’,

The X-Ray diffraction was realized in the Siemens D5000
X-Ray diffractometer with Cu K radiation, step of 0.02°
(26 /10 s) and 260 range from 20 to 140°. The microstrain
(e,) due the iron lattice distortion was obtained by the
Rietveld analysis of the X-Ray diffraction data using the
TOPAS Program.

The ferrite mean free path (L ) for the dislocation
movement is the spacing between hard constituents in
ferritic matrix. It was measured applying the methodology
cited in literature®.

4. Results

The effects of heat treatments on API X80 steel were
observed through the increase in annealing temperature and
time. These increases promote: (1) the growth of the ferritic
grain size and the martensite islands, (2) the increase of the
microhardness values of the martensite islands (Table 2), (3)
the rise of mean free path of ferrite and (4) the decrease of
the microstrains (Table 3).

The empirical Ar, temperatures of the remaining austenite
regions were displaced to values below Ar, temperature of
steel due to carbon enrichment. This temperature (Ar, ) was
measured by dilatometry (705 °C). The phase transformations
from remaining austenite occurred in still air cooling or
water cooling after annealing. These transformations did
not occur during annealing within furnace because the
remaining austenite was stabilized by high manganese and
carbon contents.

The cooling rates influenced significantly the transformation
of carbon-rich remaining austenite’. The microhardness

Table 2. Grain size, volumetric fraction and microhardness (HV) of ferrite and martensite.

Annealing Ferrite Martensite
Sample* i i
’ Tem::::::::% ©C) TiI;II:)el(:E:;gn) (rm) v HV S0g (wm) % HV S0¢
W4-15 462 15 6.26 79 182 10.8 21 322
Wo-15 623 15 8.18 72 155 24.9 28 327
W7-15 700 15 10.6 65 157 30.9 35 369
W7-60 700 60 12.5 85 167 31.0 15 488
W7-300 700 300 13.4 81 182 25.2 19 501
A7-300 700 300 - 87 159 - 13 407

*Where W — Water cooling and A — Still Air cooling. These letters are followed by numerical characters to represent the holding temperature and holding time.
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values of ferrite, granular bainite and martensite (including
MA constituents) cited in literature'®!! are in agreement
with the observed values for the heat-treated samples after
annealing time of 15 min.

The resulting microstructures from the heat treatments
corresponding to different thermal cycles are shown in
Figures 3-6. The Figure 3 shows the as-received condition.
In the Figure 4 can be observed the microstructures after
the heat treatments. In the resulting microstructures can be
observed that the as-received condition (rolled in the dual
phase field) shows constituents and microphases of similar
morphology when compared with the heat-treated conditions,
such as martensite (Figures 3a, 4a, 4c, 4e, 4g and 4h), granular
bainite (Figures 3b, 4b, 5d, 5h and 5i), MA constituents
(Figures 3b, 4d and 5a), and aggregate of ferrite and carbides
(Figures 3a, 4f, 5b, 5¢, 5j, 5k, 51 and 6¢). The aggregates of
ferrite and carbides can be classified as degenerate pearlite
or other microphases, such as lower bainite.

The Figure 5 shows the influence of temperature
and cooling rates where the martensitic phase is present
for all samples cooled in water, regardless the annealing
temperature. Slower cooling rate promoted the formation of
the aggregates of ferrite and carbides and MA constituents
from remaining austenite.

The Figure 6 shows the influence of annealing time and
cooling rates on the formation of constituents and microphases.
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The influence of the cooling rates is more evident when the
holding time is kept constant.

The microhardness distributions of ferrite, granular
bainite, MA constituent and aggregate of ferrite and
carbides can be observed in Figure 7. The influence of the
hard constituents is shown by the bimodal microhardness
distribution (Figure 8a) obtained after heat treatment with
austenitization at 1000 °C followed by cooling to 700 °C for
15 minutes, and final cooling in water to room temperature.
Therefore this bimodal distribution is due to the presence of
ferrite (soft) and a hard second phase (such as martensite).
The different classes of microhardness observed for the
martensitic phase are due to the inhomogeneity of the
carbon content within the grains*'21>. The Figure 8b shows
a microhardness profile (HV 10g) of one martensite island
in the ferritic matrix.

5. Discussion

Thermal cycles with peak temperature of 1000 °C are
typical of several situations during service such as welding
and hot bending. In this study the microstructural evaluations
after rapid thermal cycles of hot bending of the API X80
steel pipe have shown that the microphases and constituents
are similar to those observed in the as-received condition
due to the local conditions of carbon partitioning (Figure 9).

Table 3. Mean free path of ferrite (L ), microstrain (e ) and martensite carbon content (C) estimated from the formula of Hrivnak.

Annealing
Sample* Holding Holding L,, (um) ) C (wt.%)
Temperature (°C) Time (min)
W4-15 462 15 25.36 0.042 0.53
Wo-15 623 15 39.24 0.033 0.54
W7-15 700 15 29.2 0.029 0.62
W7-60 700 60 42.61 0.000 0.82
W7-300 700 300 44.88 0.000 0.85
A7-300 700 300 52.77 0.000 0.68

*Where W — Water cooling and A — Still Air cooling. These letters are followed by numerical characters to represent the holding temperature and holding time.

(a) Transverse cross-section

(b) Longitudinal section
(rolling direction: horizontal)

Figure 3. Microphases and constituents of the as-received condition, (a) 2 pct Nital solution and (b) LePera modified method. 1 — proeutectoid
ferrite, 2 — MA constituent (in white), 3 — martensite, 4 — aggregate of ferrite and carbides, 5 — granular bainite.
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(d) W4-15

(g) W7-300

() W7-60
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(f) A7-60

(h) A7-300

Figure 4. Influences of annealing parameters (time and temperature) on microstructure of API X80 steel. (a, ¢) 2 pct Nital solution, (b, d,
e, f, g, h) LePera modified method. 1 — proeutectoid ferrite, 2 — MA constituent (in white), 3 — martensite, 4 — aggregate of ferrite and
carbides, 5 — granular bainite. The codes of samples are explained in Tables 2 and 3.

The MA constituents are possible because the pearlitic
reaction is delayed during the continuous cooling due to
high manganese content of studied steel.

In the heat-treated conditions, the carbon enrichment
of remaining austenite is dependent of the annealing time
and temperature*'*. High temperatures and high times of
annealing increase the average effective carbon diffusion
distance in the austenite from o/y interface, and promote
the carbon enrichment of remaining austenite. When the
steel passes through the dual phase field during cooling,
the carbon enrichment of remaining austenite occurs due to
the formation of the proeutectoid ferrite because the carbon
has low solubility in ferrite and high solubility in austenite.
In this way, the remaining austenite was metastabilized below
Ar, temperature by the increase of carbon content and high
manganese content of steel and this allowed an additional
carbon enrichment of remaining austenite in different
temperatures of annealing. The high carbon enrichment of
the remaining austenite increased the microhardness levels
of MA constituents and martensite due to the increase of
hardenability*!>%°, For sample W7-300, EDS analyses did

not reveal significant differences between the manganese and
silicon contents of the martensite islands and the neighbouring
ferrite grains. Thus, the hardenability of remaining austenite
regions was directly associated with carbon contents.

The carbon enrichment of the metastable remaining
austenite was favored by the high carbon diffusivity from
proeutectoid ferrite to the remaining austenite due to the
high annealing temperature of 700 °C. Thus, the phase
transformation from remaining austenite to hard constituents
and microphases is influenced by the decrease of the annealing
temperature. This decrease changes the undercooling below
Ae, and can influence the carbon solubility in ferrite and
remaining austenite. The undercooling also influences the
carbon diffusivity from proeutectoid ferrite to remaining
austenite.

The decrease of microstrain (obtained via the XRD) can
be correlated with the increase in ferritic mean free path
and with the decrease of carbon content in ferrite due to the
diffusion to the remaining austenite, however, the precipitation
in ferrite during the annealing can induce microstrains.
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Figure 5. Microstructural details in proeutectoid ferrite matrix observed by Scanning Electron Microscopy of the as-received and
heat-treated conditions and microhardness, HV 10g and HV 50g (carbon range). The codes of samples are explained in Tables 2 and 3.
The microhardness values were measured inside the second phases and constituents.

The final cooling in water at room temperature restrained
and reduced the precipitation process inside the martensite
islands. The quenching was favorable to the formation of
martensite from carbon-rich remaining austenite after the
annealing heat treatment and it made possible the calculation
of carbon content of the martensite possible. However, a
low silicon content rises the austenite precipitation rate*!
and decreases the carbon enrichment of austenite. Other
factor is the decrease of the carbon contents of martensite
solid solution due to precipitation, which underestimates the
martensite carbon content obtained through the correlation
with the microhardness (formula of Hrivnak).

It is well known that the local carbon enrichment can play
an important role in the transformation temperature*!1*->2, for
example, the reduction of the carbon content in the remaining
austenite increases Ms temperature. Also, the high cooling
rates displace the Ar, temperature of steel, decreasing its
value and favoring the partial or total transformation of
bainite and martensite. The metastability of the remaining
austenite is directly associated with its carbon content and
the products of austenite decomposition will depend of final
cooling rates. In general, the higher the carbon content and
the cooling rate, the higher the hardness of secondary phases
formed*'>*. When the carbon enrichment of austenite reaches
high contents, the martensite can be obtained by applying
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(0.57 — 0.66 %C)
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(c) W7-300
501+ 77 HV
(0.71 —0.98 %C)

(f) A7-300
407 + 65 HV
(0.57 —0.79 %C)

Figure 6. Microstructural evolution in proeutectoid ferrite matrix and microhardness HV 50g (carbon range) according to time and cooling
rate for annealing at 700 °C, observed by SEM. The codes of samples are explained in Tables 2 and 3. The microhardness values were

measured inside the second phases and constituents.
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Figure 7. Microhardness distribution of the as-received material for

ferritic matrix, granular bainite, aggregates of ferrite and carbides
and MA constituent.

of low cooling rates?. This was observed for the sample
A7-300 (Table 3 and Figures 4h and 6f).

It was observed that the differences between the
austenitizing and annealing temperatures can play an
important role on the final microstructure being particularly
important to the microhardness of the proeutectoid ferrite,
which increased with the rise of the difference between the
austenitizing and annealing temperatures. The association of
high temperatures and high holding times with low cooling
rates led to a coarse precipitation, while faster cooling rates
produced second phase hardening. Beladi et al.** suggests
that the rate of ferrite nucleation in the remaining austenite
decreased with holding time, and the remaining austenite
becomes enriched in carbon and starts the transformation
to pearlite at a holding time of 90 min. In this work, the
lamellar pearlite was not observed after annealing time of
300 min and final cooling in air, because the high manganese
content of steel delays the pearlitic reaction. By increasing
the annealing time or the ferrite volumetric fraction at a
given temperature, the remaining austenite becomes more
homogeneous and enriched in carbon.

The Figure 5 shows the Vickers microhardness (516 + 89)
obtained for the MA constituents in the as-received condition.
Similar microhardness values were observed for the islands of
martensite after heat treatments (W7-60 and W7-300). Thus,
the local carbon contents could be compatible. The different
carbon contents can explain the several morphologies of



Formation of Microphases and Constituents from Remaining Austenite Decomposition in API X80 Steel

2015; 18(5)

martensite transformed from the remaining austenite after
quenching due to the displacement of Ms temperature.
The martensite can be observed in different morphologies,
such as fine plates, laths and lenticular laths*. The lower
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bainite can be transformed from the remaining austenite
with carbon content higher than 0.32%C* and cooled
to a temperature below the bainitic transformation start
(Bs temperature), under suitable cooling rates. However, a
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Figure 8. Microhardness distribution after heat treatment (a) of ferrite grains and martensite (b) microhardness profile for one martensite
island of sample W7-15.

¢ .
A - A 4 3
. o
SEI 20kV. WDT/

Amm
DEMa PUC-Rio /

SEl  20kV WD11mmy WD11nR\ - t1|,1m

DEMa PUC-Rioe"

81 20kv
DEMa PUC-Rio

© )

'

Figure 9. Microphases and constituents from API X80 pipe after hot bending. Mid-thickness of Extrados. Extrados is the outer curve
of a bent pipe, where the wall thinning occurs. (a) LePera modified, OM (b, ¢ and d) 2 pet Nital, SEM. 1 — proeutectoid ferrite, 2 — MA
constituent and 4 — aggregate of ferrite and carbides.
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mixed microstructure can be obtained due to heterogeneity
of the local carbon enrichment of the remaining austenite
before the final cooling stage.

For the as-received condition, it was observed that the
final degree of total strain of the rolling schedule and the
strain in finishing rolling can have a strong influence in
carbon enrichment of the remaining austenite due to the
evolution of ferritic reaction'®. The volumetric fraction of
the hard constituents in final microstructure increases with
the intercritical finishing rolling*. In this work a mixed
microstructure (ferrite, aggregates of ferrite and carbides,
MA constituents, martensite, granular bainite) were observed
in the as-received condition after TMCP with final cooling
in the still air. These complex microstructures can result
from the heterogeneity of the carbon enrichment of the
remaining austenite formed in thermomechanical process,
with finishing rolling in dual phase field.

6. Summary and Conclusions

This characterization methodology allowed to identify
with confidence the microstructure observed in the as-received
condition. The heterogeneity of the carbon enrichment of the
remaining austenite in the dual phase field yields a complex
multiphasic microstructure.

The increase in annealing parameters caused the rise of the
ferrite volumetric fraction. The carbon content of remaining
austenite and microhardness values of martensite islands
were increased too. When annealing time and temperature
are raised, the sizes of both ferrite grains and martensite
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